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ABSTRACT
Ultrashort-pulsed lasers have been used for high precision processing of a wide range of
materials including dielectrics, semiconductors, metals, and polymers/polymer composites,
enabling numerous applications ranging from micromachining, photonics to life sciences.
However, there are challenges when applying this technology in the industry, which requires scale
and throughput different from lab use. The goal of this research is to understand how ultrafast laser
pulses interact with thin polymers/polymer composite materials and develop a method that is
efficient for ultrafast laser processing of these materials. It is a common practice in industrial
applications to run the laser at a high repetition rate and hence high average power. However, the
heat accumulation under such processing conditions will deteriorate the processing quality,
especially for polymers, which typically have a low melting temperature. An analytical solution
for two-dimensional modeling of the temperature distribution has been presented and the solution
is used to understand the effect of laser parameters on ultrafast laser processing of polypropylene
(PP), which is an important polymer for both scientific and industrial applications. Laser cutting
experiments are carried out on PP sheets to correlate with the theoretical calculation. This study
shows that in laser cutting, the total energy absorbed in the material and the intensity are two
important figures of merit to predict the cutting performance. It is found that heat accumulation
can be avoided by a proper choice of the processing conditions and the optical properties (i.e.
reflectance, transmittance, and absorptance) are important parameters to control processing with
ultrafast lasers.
To determine the reflectance, transmittance, and absorptance, time-resolved, single-shot
measurements are performed in ultrafast laser interaction with polypropylene for a wide range of
laser pulse energies. The absorptance during the ultrafast laser interaction with polymers is divided
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into the different linear and non-linear effective absorption channels and the absorption mechanism
of ultrafast laser interaction with polymers in near-infrared wavelength are explained with a model
that takes into account different effective absorption channels and suggests that the non-linear
absorption originates from vibrational overtone/combination absorption.
The enhancement of the absorptance has been investigated for efficiently processing thin
polymers with ultrafast lasers by changing pulse duration. It is suggested from this study that the
intense shorter pulse (167 fs) is more efficient for surface processing as most of the energy
absorbed at the surface due to the strong nonlinear absorption, while a longer pulse (1000 fs) is
more efficient for bulk processing for polymers.
The results are useful for designing and controlling ultrafast laser processing of polymers
and optimizing laser process parameters for the most efficient processing of polymers.
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CHAPTER 1: BACKGROUND
1.1 Introduction
Ultrafast lasers have been used widely for both fundamental research and practical
applications since they were developed in the early 1980s [1, 2]. For materials processing, ultrafast
lasers offer precision, flexibility, and robustness that are not easily achieved by other laser sources
[3, 4]. These characteristics are enabled fundamentally by the short pulse duration, high peak
power, and non-thermal interaction with a wide range of materials (e.g. metals, glasses,
semiconductors, polymers, and ceramics). Ultrafast lasers generate ultrashort pulses in the range
of femtoseconds to a few tens of picoseconds, a timescale that is shorter than the thermal
equilibrium time in most materials. Ultrafast lasers have been used to process varieties of materials
[5-7] and various types of material processing including g laser drilling [8], cutting [9], surface
hardening [10], polishing [11,12], cleaning [13] and micro/nano machining [14,15]. Ultrafast
lasers interact with different materials based on the mechanism of laser energy absorption. In
semiconductors and dielectrics, laser excitation may lead to non-thermal phase transformations
induced by the transient modification of interatomic bonding when a high concentration of free
electrons is promoted across the bandgap [16]. In materials that have a large bandgap (such as
dielectrics and some semiconductors), the excited electrons can absorb the laser energy and bring
the material to the plasma state or even produce the Coulomb explosion, the latter of which is due
to charge separation on the surface [17]. The absorption mechanism is different for materials that
are opaque, such as metals and some semiconductors at visible to near-infrared wavelengths. In
these materials, linear absorption contributes the most to laser energy deposition. However,
material processing with ultrashort pulses is quite complicated as different linear and nonlinear
1

absorption mechanisms are involved during the interaction between the ultrashort pulses and
polymers. Therefore, it is still challenging to process polymers with high precision and control due
to the dynamic behaviors of the interaction between the ultrashort pulses and polymers.

1.2 Generation of ultrashort laser pulses
It is over fifty years since ultrafast laser pulses were first produced by passive modelocking of a giant-pulse ruby laser by Mocker and Collins [18] in 1965. The generation of the first
optical pulses in the picosecond range with Nd: glass laser was realized by DeMaria [19]. Within
only two decades since the invention of the laser the duration of the shortest pulse shrunk by six
orders of magnitude from the nanosecond regime to the femtosecond regime [20]. Nowadays
researchers can generate attosecond pulses, which are three orders of magnitude shorter than
femtosecond pulses [21]. Ultrashort pulses can be generated directly from a wide variety of lasers
with a wide range of wavelengths. Mode locking techniques are the most important technique for
generating ultrafast laser pulses by locking the phases of laser longitudinal modes [22]. A laser
can oscillate at many longitudinal modes, with frequencies that are equally separated by the
intermodal spacing (the frequency separation between two adjacent modes) according to the
relationship [22]

𝜈=

𝑐
2𝑙

where 𝑙 is the distance between two mirrors (same as the length of the Fabry-Perot interferometer).
Considering each of the laser modes as a uniform plane wave propagating in the z-direction with
a velocity 𝑐 =

𝑐𝑜⁄
𝑛, the total complex wavefunction of the field can be written as
2

𝑧

𝐸(𝑧, 𝑡) = ∑ 𝐴𝑞 𝑒 𝑖[2𝜋𝜈𝑞 (𝑡−𝑐 )]
𝑞

where

𝜈𝑞 = 𝜈𝑜 + 𝑞𝜈;

𝑞 = 0, ±1, ±2, … … …

is the frequency of mode 𝑞 and Aq is its complex envelope. Here, 𝜈𝑜 is the central frequency of
the atomic lineshape. After substituting 𝜈𝑞 into 𝐸(𝑧, 𝑡)
𝑧
𝑧
𝐸(𝑧, 𝑡) = 𝐴 (𝑡 − ) 𝑒 𝑖[2𝜋𝜈𝑜 (𝑡−𝑐 )]
𝑐

where the complex envelope 𝐴(𝑡) as a periodic function of the period, 𝜏 is given by
𝐴(𝑡) = ∑ 𝐴𝑞 𝑒 𝑖[

2𝜋𝑞𝑡
]
𝜏

𝑞

and

𝜏=

1
𝜈

=

2𝑙
𝑐

For N modes(𝑞 = 0, ±1, … … 𝑁 = 2𝑛 + 1), whose complex coefficients are all equal, 𝐴𝑞 = 𝐴.
𝐴(𝑡) may take the form of periodic narrow pulses, if the magnitudes and phases of the complex
coefficients 𝐴𝑞 are properly chosen. Then
𝑠

𝐴(𝑡) = 𝐴 ∑ 𝑒 𝑖[

2𝜋𝑞𝑡
]
𝜏

𝑞 = −𝑛

After some algebraic manipulations 𝐴(𝑡) can be written as
𝑁𝜋𝑡
sin( 𝜏 )
𝐴(𝑡) = 𝐴
𝜋𝑡
sin( 𝜏 )
Therefore, the optical intensity is given by
3

𝐼( 𝑧, 𝑡) =

|𝐴|2

si𝑛2 [𝑁𝜋(𝑡 − 𝑧⁄𝑐 )/𝜏]
si𝑛2 [𝜋(𝑡 − 𝑧⁄𝑐 )/𝜏]

The shape of the mode-locked laser pulse train is dependent on the number of modes N,
which is proportional to the atomic linewidth ∆𝜈. The pulse duration 𝑡𝑜𝑛 =

1
∆𝜈

is inversely

proportional to the atomic linewidth ∆𝜈, and therefore large ∆𝜈 can generate a very narrow pulse.
Although the calculation given above is derived for the special case in which modes have equal
amplitudes and phases, calculations based on more realistic situations yield similar results [22].
Methods for mode-locking in a laser cavity can be classified as active and passive mode-locking.
Inactive mode-locking, typically an external signal is used to induce a modulation of the light in
the cavity, whereas passive mode-locking relies on an optic element in the laser cavity which
causes self-modulation of the light.

Figure 1.1: Intensity of the periodic pulse train resulting from the sum of N laser modes of
equal magnitudes and phases
Figure 1.1 shows the intensity of the periodic pulse train resulting from the sum of N laser
equal magnitudes and phases. The duration of each pulse is N times smaller than the period 𝜏 and
peak intensity of that pulse is N times greater than the mean intensity. Although mode-locking is
4

the most common technique for generating ultrashort pulses, other approaches exist, for example,
strong electro-optic phase modulation and subsequent compression of continuous-wave lasers
[23].

The generation of ultrashort laser pulses has been covered in several review articles [24,
25]. Amplification of ultrashort pulses is important for material processing because of high pulse
energies, typically higher than a few micro-joules, are needed to induce significant material
modification. Ultrashort pulse amplification is typically achieved by a technique called ‘chirped
pulse amplification’ (CPA), which increases the energy of ultrashort laser pulses while avoiding
damaging the gain media by temporally stretching the input, low-energy pulses from femtoseconds
to picoseconds or longer. An ultrashort pulse can be stretched in time using a pair of gratings that
are arranged so that the low-frequency component (longer wavelength) of the laser pulse travels a
shorter path than the high-frequency component. The laser pulse, therefore, becomes positively
chirped with a pulse duration much longer than the original pulse. Then the stretched pulse is safely
introduced to the gain medium and amplified by a factor of 106 or more. Finally, the amplified
laser pulse is recompressed back to the original pulse width through introducing negative chirp,
the reversal process of pulse stretching, and therefore pulse energy and peak power can be
increased.

1.3 Interaction of ultrashort laser pulse with solid material
The combination of high power and short pulse duration puts the interaction of ultrashort
laser light with solid material into a unique interaction regime. The main distinction comes from
the way that laser energy is absorbed. Figure 1.2 illustrates the conventional view ultrafast laser
5

interaction with dielectrics in the left column, where the laser-induced processes can be roughly
divided into three groups [26].

Figure 1.2: Femtosecond laser interactions with dielectrics, the conventional view of pulsed
laser-material interactions (left column) and the hypothesis for molecular vibrational
absorption mechanism
Optically active electronics states after laser excitation and the initial ultrafast processes
occurring in response to the electronic excitation (such as multiphoton and avalanche ionization);
rapid non-equilibrium phase transformations originated from energy transfer from excited
electrons to atomic vibrations, and the subsequent cooling and solidification. When a femtosecond
laser pulse with high peak intensity is focused on the material, an optical breakdown can take
6

place, resulting in insignificant, and often visible, change to the material. Laser pulse energy is
transferred to electrons on a time scale comparable to the duration of the ultrashort pulse. The
highly excited electrons thermalize with the ions within tens to hundreds of ps. Material phases
change due to melting, vaporization, and solidification occurs on the ns timescale. Unlike the
conventional view of the ultrafast laser absorption mechanism, laser energy can be absorbed by
the molecules through the vibrational absorption mechanism during the ultrafast laser interaction
with dielectrics, especially with polymers. In the case of polymers, vibrational overtone and
combination absorption can happen with 10 fs that lead to high-frequency multi-phonon generation
with after 100 fs [27]. Thermal heating occurs due to the vibration relaxation within the time scale
of 100 fs to 1 ps, that thermal heating accelerates to the decomposition/degradation process of
polymers within the time scale of 500 fs to 10 ps [28].
The ablation behavior of any material is primarily influenced by its optical (e.g.,
reflectance, linear and nonlinear absorptance, and transmittance) and thermal (e.g., thermal
diffusivity, conductivity) properties [17]. The absorption mechanism is different for materials that
are opaque or transparent to the laser wavelength. For opaque materials (such as metals and some
semiconductors at visible to near-infrared wavelengths), the main contribution is linear absorption,
whereas nonlinear processes (e.g., multiphoton and avalanche ionization) play an important role
in a transparent material. After receiving ultrashort pulse irradiation, electrons and lattice will
achieve thermal equilibrium, and the transfer time of the electronic energy to the lattice is between
picoseconds to nanoseconds [29]. The energy transferred to the lattice can increase the lattice
temperature to the boiling or vaporization temperature, resulting in material ablation, damage, or
modification of the refractive index.
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1.4 Ultrafast laser processing of polymers
Polymers have a great interest in industrial applications due to unique properties such as
lightweight,

corrosion resistance, thermal and electrical insulators, easy to design and

manufacturing any structures, etc. [30]. Polymers are important industrial materials for various
applications including the automobile industry, aircraft structures, bullet-proof covers, packaging,
surface protecting coating, scientific equipment, and household items, etc. [31, 32]. After the rise
of research on ultrafast laser processing, researchers have focused on the ultrafast laser processing
of polymers [2, 5]. Polymers were one of the first material to be processed with ultrafast laser in
1987 reported by two groups, R. Srinivasan and S. Stuke [33, 34]. Since then researchers have
been investigating methods to minimize defects in ultrafast laser processing of polymer for various
applications and started exploring various aspects of using ultrafast laser for processing polymers
for such applications. In the last two decades, research has been focused on the influences of
different types of ultrafast laser and laser parameters on ablated structures. Fig. 1.3 shows some
publications on ultrafast laser processing of polymers with different wavelengths and pulse
durations. It can be seen that for ultrashort pulses, there are more studies at 800 nm (Ti: Sapphire
laser) than > 1 µm, which is the laser wavelength used in this dissertation. Fig. 1.3 shows that very
few publications are reported around 1030 nm wavelength and pulse durations used on these
publications are random from 100 fs to 1 ps. In addition, researchers investigated the methods to
minimize defects in ultrafast laser processing. Therefore, their studies were mostly to observe the
influence of laser type and parameters on accuracy and precision. Therefore, it is required to
understand the interaction mechanism of ultrafast laser with polymers in near-infrared (NIR) to
have better control in ultrafast laser processing of polymers for scientific and industrial
applications.
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Figure 1.3: Publications on the ultrafast laser to process polymers with different pulse
duration and wavelengths (data complied mostly from ref. [35])
The most common polymers used in these studies are polymethacrylate (PMMA)
[33,34,36], polyimide (PI) [37], polytetrafluoroethylene (PTFE) [38], polydimethylsiloxane
(PDMS) [39], polyethylene terephthalate (PET) [40], polylactide-based (PLA) [41] and polylacticco-glycolic acid (PLGA) [42]. These studies were mostly focused on investigating the processstructure relationship including feature morphology, laser parameters, and structure quality.
However, only a few articles were about the theoretical and experimental explanation for the
mechanism for the interaction of laser processing with polymers [43-44].
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1.5 Challenges to process polymer with an ultrashort pulse

Figure 1. 4: Optical absorption of materials with different wavelengths
Polymers show strong optical absorption in ultraviolet (UV) wavelengths and far-infrared,
and less absorption at visible to near-infrared (N-IR) wavelengths. Therefore, initial studies were
performed mostly with UV wavelengths [45, 46]. However, because of the high peak intensity of
ultrafast laser pulses, ultrafast lasers enable the processing of polymeric material via nonlinear
optical interaction in near-infrared wavelengths [47]. Polymers can be processed with linear optical
absorption in far-ultraviolet (122-200 nm) light, for example, with excimer laser with wavelengths
193 nm (ArF) or 248 nm (KrF), and in far-infrared light, for example, with CO2 lasers. Fig. 1.4
shows the optical absorption of polymer with different wavelengths and absorption mechanisms
with different wavelengths. Due to the high bandgap of the most to the polymers, it is quite
impossible to have electronic and molecular excitation with NIR wavelengths. Therefore, the
absorption mechanism of ultrafast laser processing in NIR wavelengths are quite complicated.
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Figure 1.5: Potential energy diagram for a vibration overtone or combination absorptions
with C-H vibrational excitation
The mechanism of ultrafast laser interaction with polymers in the near-infrared wavelength
is still challenging to understand due to complicated linear and nonlinear absorption mechanisms.
Absorption in polymers at wavelengths ranging from 800 to 2500 nm, which corresponds to
wavenumber 12,500 to 4000 cm-1, is considered to be based on vibrational overtone and
combination absorption [48]. The exact mechanism of ultrafast laser interaction with polymers
remains controversial among researchers in the near-infrared wavelengths. In a molecule,
fundamental vibrational frequencies correspond to transition from 𝜐 = 0 to 𝜐 = 1 , but overtones
occur when a vibrational mode is excited from 𝜐 = 0 to higher frequency levels as shown in Fig.

11

1.5. The vibrational combination absorptions arise from the sharing of near-infrared energy
between two and more fundamental or overtone absorptions.

Although polymers are the first material to be processed with ultrafast laser, there are still
challenges, which are summarized below:
1. Shorter pulses create more vaporization leading to the formation of plasma plume,
which can reduce the quality of the processed material as polymers have a very low
decomposition temperature.
2. The absorption mechanism of polymers varies with different intensity/fluence, which
needs to be well characterized to have accurate predictions on the processing results.
3. Most polymers have a very large bandgap. Therefore, photons need to have high energy
to be absorbed by the electronic transition. However, the process mechanism of
polymers is quite complicated with near-infrared (NIR) wavelengths.
4. It is common practice to run the laser at a high repetition rate and hence high average
power to make ultrafast laser processing compatible with the scale and throughput
needed for industrial use. However, heat accumulation under such processing conditions
will deteriorate the processing quality, especially for polymers that typically have a low
melting temperature.
5. The photochemical and photothermal process might dominate for some polymers during
their process with ultrafast lasers, which might give some unpredictable process
conditions.
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1.6 Ultrafast laser pulse shaping
Temporal pulse shaping has been demonstrated as an important technique frequently used
in ultrafast applications [49]. The interaction of ultrashort laser pulses with the material can be
modified by pulse shaping to enhance the absorptance in polymers. Enhanced absorptance in
polymers has many applications in such as laser micromachining (e.g., cutting, drilling, and
waveguide, etc.), surface hardening, polishing, and surface cleaning.
Ultrafast pulse shaping has been used to tailor laser-matter interactions, which enhances
the phenomena induced by ultrafast laser pulses. The study of the laser-mater interactions of
ultrashort laser pulse with controlled pulse width and separation between two pulses has been
shown in different articles [50, 51]. Depending on the pulse width and separation between two
pulses, dynamics of the laser mater interaction may change and the properties of the ablated species
may vary. Several experimental and theoretical investigations have been carried out for doublepulse ultrafast laser ablation (ULA). Spyridaki el al. [52] demonstrated that double-pulse ablation
produces a much smoother ablation crater than single-pulse ablation. In that study, the first pulse
produced a molted layer, and energy coupling efficiency increased for the second pulse. Hu et al.
[53] observed ion emission increases with the separation of two pulses. In their study, it was
suggested that the enhanced absorption of the second pulse is responsible for this increase in ion
emission. Stoian et al. showed a significant improvement in the quality of ultrafast laser
micromachining of dielectrics by using temporally shaped pulse trains with subpicosecond
separation [51]. These various studies have provided a basic understanding of the dynamics of
laser-matter interactions, but most of the studies deal with ultrafast laser ablation of dielectrics and
metals, while for polymers this is a largely unexplored field.
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1.7 Polypropylene sample
Polymers have a great interest in industrial applications due to unique properties such as
lightweight, corrosion resistance, thermal and electrical insulators, easy to design and
manufacturing any structures, etc.. Polypropylene (PP) is an important industrial material, which
has a wide range of applications including packaging for consumer products (medical industry),
plastic parts for various industries (including automotive industry), laboratory, and special devices
like hinges, household products, battery cases, and fabrics [54].

Figure 1.6: Characteristic peaks of different elements, Opaque PP (left) and transparent PP
(right) in the secondary ion mass spectroscopic spectrum.
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Different kinds of PP are commercially available, which can be divided into two groups
based on optical properties, Opaque and transparent, where opaque mostly reflects and absorbs
irradiate laser energy as opaque PP contains different pigments, which can be of organic or
inorganic structure. However, the mechanism of ultrafast laser processing is different for
transparent and opaque PP. In this study, both opaque (mostly reflects and absorbs irradiate laser
energy) and transparent PP (PP301440, Goodfellow, which is mostly transparent, around 90% of
visible light) samples are used. Fig. 1.6 shows the image of the opaque PP (left) and the transparent
PP (right), and the characteristics peaks of different elements containing. The opaque PP sheet is
300 µm thick containing small amounts of several impurities Si, C, Li, Na, Al, K, and SiO2 that
exhibited characteristic peaks in the secondary ion mass spectroscopic spectrum and the
transparent PP sheet is 450 µm thick, has almost no impurity.

1.7 Motivations & Objectives
Modern ultrafast lasers are compact, tabletop systems capable of delivering short, powerful
pulses at a high repetition rate, high peak power, and other unique characteristics. Interaction of
ultrashort pulses with the material has many features that make ultrashort laser systems attractive
for a variety of applications. In the ultrashort time duration, the energy of the laser pulse is
concentrated both in space and time, resulting in an extremely high laser intensity at the focal spot
up to the order of TW/cm2 [55]. At such high intensity, the absorbed laser energy can disassemble
any kind of material lattices, even the strongest bond in the diamond lattice [56]. Another feature
of the femtosecond laser is called “cold ablation”, which is associated with the extremely short
pulse duration. In this case, the pulse duration is too short to let heat diffuse far from the center of
interaction, and the energy of the laser pulse can turn directly to plasma. Therefore, femtosecond
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lasers can remove material only at the focal spot with a minimum heat affect zone, and high-speed
processing is possible with proper tuning of laser processing parameters for enhanced energy
coupling [57]. However, due to the complex nature of ultrafast laser – solid interaction, it is not
clear how the temporal profile of ultrafast laser pulses affects energy transfer during the interaction
between the ultrashort laser pulses and polymers with near-infrared wavelength. This motivates us
to investigate the dynamics behavior of ultrafast laser interaction with polymers, with the aim to
optimize energy transfer using pulse shaping techniques.
The interaction of ultrashort pulses with polymers has many features that make ultrashort
laser systems attractive for a variety of applications. However, heat accumulation and plasma
plume in the material at high pulse repetition rates can deteriorate the processing quality, especially
for polymers which typically have a low melting temperature. The underlying physics to efficiently
cut polymers with ultrafast lasers is important, especially for flexible electronics consisting of
polymeric substrates. There is a lack of understanding of how to efficiently process polymers using
ultrashort pulsed lasers. Energy loss due to light scattering must be accounted for and
compensated. It has been shown that temporal pulse shaping is a powerful tool to enhance energy
transfer. However, applying this technique for processing polymeric imposes new challenges,
which are the main focus of this research.
The main purpose of this research is to develop energy-efficient ultrafast laser processing
for polymeric/thin composite materials by ultrafast pulse shaping. The objectives of this research
are summarized as follows:
 Review literature on ultrafast laser processing of polymeric material and identify the state
of art and knowledge gaps in the laser processing of polymers.
 Develop a model to analyze the thermal effect of the laser processing of polymeric material.
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 Design experiments to study the absorptance of polymeric/thin composite materials for
femtosecond laser pulses
 Obtain time-averaged and time-resolved data on reflection (specular, diffused) and
transmission, and calculate the absorbance
 Use the experimentally determined absorptance in the model and obtain processing
conditions under which laser energy can be coupled most efficiently to the material
 Design and construct ultrafast laser pulse shaping experiments and determine the most
efficient intensity/fluence region for polymer processing.
 Perform laser cutting and drilling experiments to verify the modeling results and achieve
the energy-efficient processing of polymers.
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CHAPTER 2: ANALYTICAL SOLUTION TO A 2D TRANSIENT
THERMAL MODEL
(This Chapter is mostly based on a theoretical calculation of the Author’s publication: Arifur
Rahaman, Aravinda Kar, and Xiaoming Yu, “Thermal effects of ultrafast laser interaction with
polypropylene,” Opt. Express 27(4), 5764-5783 (2019).)

2.1 Introduction
Mathematical models of the thermal effects can be divided into two types: analytical and
numerical models. Analytical models yield analytical solutions, representing a direct relation
between laser parameters and the heating process. The analytical solutions are, however, difficult
to obtain for complex systems, but can be determined under certain simplifying assumptions to
gain insights into the physical processes. These solutions can be used as a guideline for optimizing
the laser processing parameters. There have been several studies on analytical modeling in recent
years. B.S. Yilbas et al. [1] introduced a one-dimensional model using the kinetic theory approach
for short-pulse laser processing. Their study compared the predictions of kinetic energy theory
with predictions from other models for laser pulses with pulse durations in the range of 10-9 to 1011

s. Khenner et al. [2] obtained an analytical solution to the classical heat conduction problem of

solid film irradiated by repetitive laser pulses using the method of separation of variables. B.S.
Yilbas and Pakdemirli [3] derived a closed-form solution of the temperature distribution originated
from repetitively pulsed laser heating using the perturbation method. They utilized the hyperbolic
heat conduction equation derived from the Boltzman equation and its general solution, which was
obtained using the Fourier transform method [4]. However, previous solutions to the hyperbolic
heat conduction equation are limited in one – dimensional (1D) spatial and temporal dimensions.
A. K. Nath el. al [5] presented a 1D model for the temperature profiles during heating and cooling
cycles in repetitively pulsed laser irradiation, and the effects of processing parameters, such as
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laser power, beam diameter, scan speed, pulse duration, repetitive rate, and duty cycle, on laser
surface hardening were analyzed. Stuart et al. [6] developed a general theoretical model of laser
interaction with dielectrics, which was shown to be in good agreement with experimental data in
the short pulse regime. A generalized analytical solution was presented by Tung T. Lam [7] for
electron and lattice temperature profiles in a metallic film exposed to ultrashort laser pulses using
the superposition and the Fourier transform method in conjunction with the solution structure
theorems. Chen et al. [8] presented the two-dimensional analytical solutions of repetitively pulsed
laser heating of aluminum alloy and investigated the effects of processing parameters on the
temperature distribution. They showed that millisecond pulse duration can avoid the plasma effect.
Taylor et al. [9] established a three-dimensional, two-temperature model (TTM) and a heataccumulation model based on classical heat generation and conduction equations to evaluate their
efficacy and efficiency in simulating non-thermal ablation and heat accumulation during multipulse femtosecond laser processing of silicon.

2.1 Thermal modeling
A 2D transient Heat Conduction Model (HCM) and its analytical solution that describe
ultrashort laser pulse interaction with the workpiece is discussed in this section. The model is based
on the geometry shown in Fig. 2.1, which depicts laser pulses irradiating on a piece of thin solid
material. The workpiece is considered in an axisymmetric cylindrical coordinate system.

The absorbed laser energy is assumed to be converted to heat instantaneously. The material
removal is modeled as a sublimation process where heated solid materials directly turn into vapor
because the liquid phase exists only for a very short period [10]. For laser processing of polymeric
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composite materials, chemical degradation can occur before the temperature reaches the
vaporization temperature [11]. For simplification, chemical degradation is treated in the same way
as sublimation because both processes absorb energy and produce gases [12].

Figure 2.1: Schematic of ultrashort pulse laser heating model in cylindrical coordinates
with boundary conditions at four locations as BC1, BC2, BC3, and BC4 at the upper and
lower surfaces, the center of the cylinder and r = Rc, respectively.

2.2 Spatial and Temporal profile of the ultrashort laser pulses
The intensity 𝑰(𝒓, 𝒕) of the Gaussian beam is given by

𝐼(𝑟, 𝑡) = 𝐴𝐼𝑜

2𝑟 2
− 2
𝑒 𝜔𝑜 𝜑(𝑡)

where A is the absorptivity of the workpiece; r, 𝜔𝑜 and 𝐼𝑜 =

4𝐸
𝜋𝜔𝑜2 𝑡𝑜𝑛

are the radial coordinate,

radius at the waist of the laser beam, and the peak intensity, respectively. 𝜑(𝑡) is the laser pulse
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shape function, describing the temporal profile of the laser pulse as a function of time t. In this
study 𝜑(𝑡) is assumed to be a triangular shape given by
𝑡 − (𝑛𝑝 − 1)𝑡𝑝
𝑡𝑝𝑘
𝜑 (𝑡) =
{

𝑓𝑜𝑟 (𝑛𝑝 − 1)𝑡𝑝 ≤ 𝑡 ≤ (𝑛𝑝 − 1)𝑡𝑝 + 𝑡𝑝𝑘

(𝑛𝑝 − 1)𝑡𝑝 + 𝑡𝑜𝑛 − 𝑡
𝑡𝑜𝑛 − 𝑡𝑝𝑘

𝑓𝑜𝑟 (𝑛𝑝 − 1)𝑡𝑝 + 𝑡𝑝𝑘 < 𝑡 ≤ (𝑛𝑝 − 1)𝑡𝑝 + 𝑡𝑜𝑛

0

𝑓𝑜𝑟 (𝑛𝑝 − 1)𝑡𝑝 + 𝑡𝑜𝑛 < 𝑡 ≤ (𝑛𝑝 − 1)𝑡𝑝 + 𝑡𝑝

where 𝑛𝑝 = 1, 2, 3, 4, … are the total number of pulses irradiating on the sample, 𝑡𝑜𝑛 and 𝑡𝑝 are the
laser pulse on time and period (pulse on plus pulse off time), respectively, and 𝑡𝑝𝑘 is the time at
which the pulse reaches its peak intensity.
The femtosecond laser system of this study produces Gaussian pulses that were used at
the pulse length of 200 fs for cutting experiments. This pulse shape can be approximated fairly
well as a triangular pulse due to the high peak power and short pulse length of the Gaussian pulse.
The error in the energy of a triangular pulse compared to the Gaussian pulse is 6.44% for both
types of a pulse having the same pulse length of 200 fs, where the Gaussian pulse length is defined
as the full width at half maxima. Different pulse shapes would affect the temporal distribution of
the temperature. Replacing the Gaussian pulse with a triangle pulse simplifies the thermal analysis
considerably without introducing a significant error due to the small error in the pulse energy. The
effects of different pulse shapes on the temperature distribution can be studied by representing the
pulse shape function through the variable 𝜙(𝑡) in this model.
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2.3 Development of the thermal model and derivation of the analytical solution
The 2D transient HCM is solved analytically in the cylindrical coordinates for a semiinfinite medium irradiated by a pulsed laser beam. As shown in Fig. 2.1, the origin of the
coordinate system lies on the top surface of the workpiece and coincides with the center of the
laser beam. The radial (r) axis is parallel to the workpiece surface and the axial (z) axis points to
the bottom surface of the workpiece. Here, both r and z are considered as finite.

Considering different thermal conductivities in the r and z directions, the governing heat
conduction equation is given by [13]
𝜕2 𝑇(𝑟,𝑧,𝑡)
𝜕𝑟 2

+

1 𝜕𝑇(𝑟,𝑧,𝑡)
𝑟

𝜕𝑟

𝜕 2 𝑇(𝑟,𝑧,𝑡)

+ 𝑘𝑧𝑟

𝜕𝑧 2

=

1 𝜕𝑇(𝑟,𝑧,𝑡)
𝛼𝑟

𝜕𝑡

(2.1)

𝑘

where 𝑘𝑧𝑟 = 𝑘𝑧 is the ratio of thermal conductivity along z, kz, to the thermal conductivity along
𝑟

r, kr, and 𝛼𝑟 =

𝑘𝑟
𝜌𝑐𝑝

is the thermal diffusivity along the r-direction. Here, 𝜌 and 𝑐𝑝 are the density

and specific heat of the workpiece, respectively. Since the temperature of the substrate varies
during the cutting process, the temperature-dependent thermophysical properties and absorptivity
affect the temperature distribution in the material as cutting progress. Due to the paucity of hightemperature data, however, thermal models are generally developed with constant values of the
properties as a first-order approximation to the laser-material interaction process.
The boundary conditions (BCs) and the initial condition (IC) are
𝐵𝐶1: −𝑘𝑧
𝐵𝐶2: −𝑘𝑧

𝜕𝑇(𝑟,𝑧,𝑡)
𝜕𝑧

|

𝑧=0

𝜕𝑇(𝑟,𝑧,𝑡)
𝜕𝑧

|

𝑧=𝐿
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= 𝐴𝐼(𝒓, 𝑡)

= ℎ(𝑇𝐿 − 𝑇∞ )

𝐵𝐶3:

𝜕𝑇(𝑟,𝑧,𝑡)
𝜕𝑟

|

𝑟=0

=0

𝐵𝐶4: 𝑇(𝑅𝑐 , 𝑧, 𝑡) = 𝑇∞
𝐼𝐶 ∶ 𝑇(𝑟, 𝑧, 0) = 𝑇𝑜
where ℎ is the heat transfer coefficient of the air-workpiece boundary at the lower (z = L) surface.
Here, 𝑇∞

and

𝑇𝑜 are the ambient temperature and initial temperature of the workpiece,

respectively, and TL = T (r, L, t) and Rc is the characteristic radius of the cylinder, which is
determined in the appendix.
To reduce the dependency of the solution on a potentially large number of dimensional
parameters, dimensionless parameters are used which are defined as
𝑟∗ =
𝑡∗ =

𝑟

𝑧∗ =

𝜔𝑜
𝛼𝑟 𝑡

𝑧
𝜔𝑜

𝑇 ∗( 𝑟 ∗, 𝑧∗, 𝑡 ∗) =

𝜔𝑜2

𝑇(𝑟,𝑧,𝑡)−𝑇∞
𝑇𝑜 −𝑇∞

where 𝑡 ∗ is known as the Fourier number. Applying the dimensionless parameters to Eq. (2.1),
BCs and IC, the HCM can be rewritten as
1

𝜕

𝑟 ∗ 𝜕𝑟 ∗

(𝑟 ∗

𝜕 𝑇 ∗ ( 𝑟 ∗ ,𝑧 ∗ , 𝑡 ∗ )
𝜕𝑟 ∗

) + 𝑘𝑧𝑟

𝜕2 𝑇 ∗ ( 𝑟 ∗ ,𝑧 ∗ , 𝑡 ∗ )
𝜕𝑧

∗2

=

1 𝜕 𝑇 ∗ ( 𝑟 ∗ ,𝑧 ∗ , 𝑡 ∗ )
𝛼𝑟

𝜕𝑡 ∗

which is subject to the following BCs and IC with dimensionless parameters
𝐵𝐶1:

𝐵𝐶2:

𝐵𝐶3:

𝜕 𝑇 ∗ ( 𝑟 ∗ ,𝑧 ∗ , 𝑡 ∗ )

𝐴

= − 𝑘 𝐼(𝑟 ∗ , 𝑡 ∗ )

|

𝜕𝑧 ∗

𝑧 ∗ =0

𝑧

𝜕 𝑇 ∗ ( 𝑟 ∗ ,𝑧 ∗ , 𝑡 ∗ )

|

𝜕𝑧 ∗

𝑧 ∗ =𝐿∗

𝜕 𝑇 ∗ ( 𝑟 ∗ ,𝑧 ∗ , 𝑡 ∗ )
𝜕𝑟 ∗

|

𝑟 ∗ =0

= −𝐵𝑖 𝑇 ∗ ( 𝑟 ∗ , 𝑧 ∗ , 𝑡 ∗ )|𝑧 ∗=𝐿∗

=0
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(2.2)

𝐵𝐶4: 𝑇 ∗ ( 𝑅𝑐∗ , 𝑧 ∗ , 𝑡 ∗ ) = 0
𝐼𝐶: 𝑇 ∗ ( 𝑟 ∗ , 𝑧 ∗ , 0) = 𝑇𝑖

where 𝐵𝑖 =

ℎ𝜔𝑜
𝑘𝑧

is Biot number, Ti = 1 and 𝑅𝑐∗ =

𝑅𝑐
𝜔𝑜

. The method of solving this HCM is outlined

in section 2.4 to obtain the following dimensionless temperature distribution in the workpiece

2.4 Solution of Heat Conduction Model (HCM)
Eq. (2) is transformed into Eq. (3) by applying the zeroth-order Hankel integral transform
∗

𝑅
for finite media 𝑇̅ ∗ (𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ ) = ∫0 𝑐 𝑟 ∗ 𝐽𝑜 (𝜆∗𝑚 𝑟 ∗ )𝑇 ∗ (𝑟 ∗ , 𝑧 ∗ , 𝑡 ∗ )𝑑𝑟 ∗, where 𝜆∗𝑚 is the m-th

eigenvalue, m = 1,2,3, …, corresponding to the radial boundary conditions and Jo is the Bessel
function of the first kind of zeroth order. The integral transform also yields an eigenvalue
expression, 𝐽𝑜 (𝜆∗𝑚 𝑅𝑐∗ ) = 0, which is used to determine m-number of values of 𝜆∗𝑚 .

𝑘𝑧𝑟

𝑑2 𝑇̅ ∗ (𝜆∗𝑚 ,𝑧 ∗ ,𝑡 ∗ )
𝑑𝑧 ∗ 2

− 𝜆∗𝑚 2 𝑇̅ ∗ (𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ ) =

𝑑𝑇̅ ∗ (𝜆∗𝑚 ,𝑧 ∗ ,𝑡 ∗ )
𝑑𝑡 ∗

(2.3)

which must satisfy the following BCs and IC
𝐵𝐶1:

𝐵𝐶2:

𝑑𝑇̅ ∗ (𝜆∗𝑚 ,𝑧 ∗ ,𝑡 ∗ )

𝐴

|

𝑑𝑧 ∗

𝑧 ∗ =0

𝑑𝑇̅ ∗ (𝜆∗𝑚 ,𝑧 ∗ ,𝑡 ∗ )
𝑑𝑧 ∗

|

𝑧 ∗ =𝐿∗

= − 𝑘 𝐼 (̅ 𝜆∗𝑚 , 𝑡 ∗ )

(2.4)

= −𝐵𝑖 𝑇̅ ∗ (𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ )|𝑧 ∗=𝐿∗

(2.5)

𝑧

𝐼𝐶: 𝑇̅ ∗ (𝜆∗𝑚 , 𝑧 ∗ , 0) = 𝑇̅𝑖 (𝜆∗𝑚 )

(2.6)

The Hankel transformed laser intensity 𝐼 (̅ 𝜆∗𝑚 , 𝑡 ∗ ) and initial condition 𝑇̅𝑖 (𝜆∗𝑚 ) are given by the
following expressions:
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𝑅∗

𝐼 (̅ 𝜆∗𝑚 , 𝑡 ∗ ) = ∫0 𝑐 𝑟 ∗ 𝐽𝑜 (𝜆∗𝑚 𝑟 ∗ )𝐼(𝑟 ∗ , 𝑡 ∗ )𝑑𝑟 ∗

(2.7)

∗

𝑅
𝑇̅𝑖 (𝜆∗𝑚 ) = ∫0 𝑐 𝑟 ∗ 𝐽𝑜 (𝜆∗𝑚 𝑟 ∗ )𝑇𝑖 𝑑𝑟 ∗

The integral in Eq. (2.7) has a closed form result

𝐼𝑜 𝜑(𝑡 ∗ )
4

(2.8)

∗2

𝑒

𝜆
− 𝑚
8

when 𝑅𝑐∗ → ∞. To utilize this

closed form expression in the HCM for obtaining an analytical temperature distribution, the
integral in Eq. (2.7) is evaluated numerically for sufficiently large values of 𝑅𝑐∗ and different values
of 𝜆∗𝑚 so that the numerical value of the integral matches well with the result of the closed form
expression. This approach yielded 𝑅𝑐∗ = 10.5 and therefore Rc = 193.2 µm, which indicates that
the PP sheet can be considered radially infinite for radii larger than or equal to 10 times the laser
beam radius, i.e., Rc = 10.50.
Using Duhamel’s theorem on Eq. (2.3), the new governing equation can be rewritten as
𝑘𝑧𝑟

̅ ∗ (𝜆∗𝑚 ,𝑧 ∗ ,𝑡 ∗ ,𝜏∗ )
𝑑2 𝜓
𝑑𝑧

∗2

̅ ∗ (𝜆∗𝑚 ,𝑧 ∗ ,𝑡 ∗ ,𝜏∗ )

𝑑𝜓
− 𝜆∗𝑚 2 𝜓̅ ∗ (𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ , 𝜏 ∗ ) =

𝑑𝑡 ∗

(2.9)

and the boundary and initial conditions, (4), (5) and (6), can be expressed as
𝐵𝐶1:

𝐵𝐶2:

̅ ∗ (𝜆∗𝑚 ,𝑧 ∗ ,𝑡 ∗ ,𝜏∗ )
𝑑𝜓

|

𝑑𝑧 ∗

𝑧 ∗ =0

̅ ∗ (𝜆∗𝑚 ,𝑧 ∗ ,𝑡 ∗ ,𝜏∗ )
𝑑𝜓
𝑑𝑧 ∗

|

𝑧 ∗ =𝐿∗

𝐴

= − 𝑘 𝐼 (̅ 𝜆∗𝑚 , 𝜏 ∗ )

(2.10)

= −𝐵𝑖 𝜓̅ ∗ (𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ , 𝜏 ∗ )|𝑧 ∗ =𝐿∗

(2.11)

𝑧

𝐼𝐶: 𝜓̅ ∗ (𝜆∗𝑚 , 𝑧 ∗ , 0, 𝜏 ∗ ) = 𝑇̅𝑖 (𝜆∗𝑚 )

(2.12)

The solution to Eq. (2.9), ̅
𝜓 ∗ (𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ , 𝜏 ∗ ), can be split into the following transient and steady
state solutions:
∗ (𝜆∗
∗ ∗
𝜓̅ ∗ (𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ , 𝜏 ∗ ) = 𝜓̅𝐻∗ (𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ ) + 𝜓̅𝑠𝑠
𝑚, 𝑧 , 𝜏 )
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(2.13)

The governing equation for the transient solution can be obtained from Eqs. (2.9) and (2.13):
𝑘𝑧𝑟

∗
̅𝐻
𝑑2 𝜓
(𝜆∗𝑚 ,𝑧 ∗ ,𝑡 ∗ )

𝑑𝑧

∗2

̅∗

∗

𝑑𝜓 (𝜆 ,𝑧
∗
− 𝜆∗𝑚 2 𝜓̅𝐻
(𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ ) = 𝐻 𝑑𝑡𝑚∗

∗ ,𝑡 ∗ )

(2.14)

and the boundary and initial conditions for Eq. (2.14) is determined from Eqs. (2.13), (2.10), (2.11)
and (2.12):
∗ (𝜆∗
∗ ∗
̅𝐻
𝑑𝜓
𝑚 ,𝑧 ,𝑡 )

|

=0

(2.15)

|

∗ (𝜆∗
∗ ∗
+ 𝐵𝑖 𝜓̅𝐻
𝑚 , 𝑧 , 𝑡 )|𝑧 ∗ =𝐿∗ = 0

(2.15)

𝑑𝑧 ∗

𝑧 ∗ =0

∗
̅𝐻
𝑑𝜓
(𝜆∗𝑚 ,𝑧 ∗ ,𝑡 ∗ )

𝑑𝑧 ∗

𝑧 ∗ =𝐿∗

∗ (𝜆∗
∗
̅∗ ∗ ∗ ∗
̅ ∗
𝜓̅𝐻
𝑚 , 𝑧 , 0) = 𝑇𝑖 (𝜆𝑚 ) − 𝜓𝑠𝑠 (𝜆𝑚 , 𝑧 , 𝜏 )

(2.17)

Similarly, Eqs. (2.9) and (2.13) yield the following governing equation for the steady state
solution:
∗ (𝜆∗ ,𝑧 ∗ ,𝜏∗ )
̅ 𝑠𝑠
𝑑2 𝜓
𝑚

𝑑𝑧 ∗ 2

−

𝜆∗𝑚

2

𝑘𝑧𝑟

∗ (𝜆∗
∗ ∗
𝜓̅𝑠𝑠
𝑚, 𝑧 , 𝜏 ) = 0

(2.18)

with the boundary conditions determined from Eqs. (2.13), (2.10) and (2.11) as
∗ (𝜆∗ ,𝑧 ∗ ,𝜏 ∗ )
̅ 𝑠𝑠
𝑑𝜓
𝑚

|

𝑑𝑧 ∗

𝑧 ∗ =0

∗ (𝜆∗ ,𝑧 ∗ ,𝜏 ∗ )
̅ 𝑠𝑠
𝑑𝜓
𝑚

𝑑𝑧 ∗

|

𝑧 ∗ =𝐿∗

= 𝐼 (̅ 𝜆∗𝑚 , 𝜏 ∗ )

(2.19)

∗ (𝜆∗
∗ ∗
+ 𝐵𝑖 𝜓̅𝑠𝑠
𝑚 , 𝑧 , 𝜏 )|𝑧 ∗ =𝐿∗ = 0

(2.20)

The solution of Eq. (2.17) can be written as
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∗ (𝜆∗
∗
∗
𝜓̅𝑠𝑠
𝑚 ,𝑧 ,𝜏 )

= 𝐶3 −

𝜆∗
𝜆∗
𝜆∗
𝐵𝑖 sinh ( 𝑚 𝐿∗ ) + 𝑚 cosh ( 𝑚 𝐿∗ )
√𝑘𝑧𝑟
√𝑘𝑧𝑟
√𝑘𝑧𝑟

𝜆∗𝑚
𝜆∗
𝜆∗
sinh ( 𝑚 𝐿∗ ) + 𝐵𝑖cosh ( 𝑚 𝐿∗ )
√𝑘𝑧𝑟
√𝑘𝑧𝑟
[ { √𝑘𝑧𝑟
}

𝜆∗𝑚 ∗
cosh (
𝑧 )
√𝑘𝑧𝑟

𝜆∗𝑚

+ sinh (
𝑧∗)
√𝑘𝑧𝑟
]
(2.21)
where 𝐶3 = −

𝐴√𝑘𝑧𝑟
𝑘𝑧 𝜆∗𝑚

𝐼 (̅ 𝜆∗𝑚 , 𝜏 ∗ ).

Eq. (2.14) is solved by applying the Fourier integral transform
∗

𝐿
∗ (𝜆∗
∗ ∗
∗ ∗
∗
̅∗ ∗ ∗ ∗
𝜓̅̃𝐻
𝑚 , 𝛾𝑛 , 𝑡 ) = ∫0 cos(𝛾𝑛 𝑧 ) 𝜓𝐻 (𝜆𝑚 , 𝑧 , 𝑡 )𝑑𝑧

(2.22)

where cos(𝛾𝑛∗ 𝑧 ∗ ) is the eigenfunction with 𝛾𝑛∗ as the n-th eigenvalue for n = 1,2,3,…, corresponding
to the axial boundary conditions. The eigenvalues 𝛾𝑛∗ are determined from the transcendental
equation 𝛾𝑛∗ 𝑡𝑎𝑛(𝛾𝑛∗ 𝐿∗ ) = 𝐵𝑖.
Eq. (2.14) simplifies to the following first order ordinary differential equation under the
Fourier transform (22):
̃ ∗ (𝜆∗ ,𝛾∗ ,𝑡 ∗ )
̅
𝑑𝜓
𝐻 𝑚 𝑛
𝑑𝑡 ∗

+ (𝑘𝑧𝑟 𝛾𝑛∗ 2 + 𝜆∗𝑚 2 )𝜓̅̃𝐻∗ (𝜆∗𝑚 , 𝛾𝑛∗ , 𝑡 ∗ ) = 0

(2.23)

and the initial condition (2.15) transforms to the following expression:
∗ (𝜆∗
∗
̅̃ ∗ ∗ ∗ ∗
̅̃ ∗
𝜓̅̃𝐻
𝑚 , 𝛾𝑛 , 0) = 𝑇𝑖 (𝜆𝑚 ) − 𝜓𝑠𝑠 (𝜆𝑚 , 𝛾𝑛 , 𝜏 )

Under this initial condition (2.24), the solution to Eq. (2.23) is
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(2.24)

−(𝑘𝑧𝑟 𝛾𝑛∗
∗ (𝜆∗
∗ ∗
∗
̅̃ ∗ ∗
𝜓̅̃𝐻
𝑚 , , 𝛾𝑛 , 𝑡 ) = 𝜓𝐻 (𝜆𝑚 , , 𝛾𝑛 , 0)𝑒

2

2

+𝜆∗𝑚 )𝑡 ∗

(2.25)

Applying the inverse Fourier integral transform to Eq. (2.25) and using Eq. (2.13), the solution to
Eq. (2.9) can be written as
∞

𝜓̅ ∗ (𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ , 𝜏 ∗ ) = ∑
𝑛=1

cos(𝛾𝑛∗ 𝑧 ∗ ) ̃ ∗ ∗
∗2
∗ 2 ∗
∗ (𝜆∗
∗ ∗ )] −(𝑘𝑧𝑟 𝛾𝑛 +𝜆𝑚 )𝑡
̅𝑖 (𝜆𝑚 , 𝛾𝑛 ) − 𝜓̅̃𝑠𝑠
[𝑇
,
𝛾
,
𝜏
𝑒
𝑚
𝑛
𝑁𝐹 ( 𝛾𝑛∗ )

∗ (𝜆∗
∗
∗
+ 𝜓̅𝑠𝑠
𝑚 ,𝑧 ,𝜏 )

(2.26)

where the normalization constant, 𝑁𝐹 (𝛾𝑛∗ ), for the Fourier transform is given by
2 (𝛾∗2 +𝐵𝑖 2 )

1
𝑁𝐹 (𝛾𝑛∗ )

= 𝐿∗(𝛾∗2𝑛+𝐵𝑖 2 )+𝐵𝑖
𝑛

and
∗

̃ (𝜆∗ , 𝛾 ∗ ) = ∫𝐿 𝑇̅ (𝜆∗ )cos(𝛾 ∗ 𝑧 ∗ ) 𝑑𝑧 ∗
𝑇̅
𝑖
𝑚
𝑛
𝑖 𝑚
𝑛
0
Duhamel’s theorem relates the solution 𝜓̅ ∗ (𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ , 𝜏 ∗ ) to the solution 𝑇̅ ∗ (𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ ) of the
original problem in Eq. (2.3) by the following integral
𝑡
𝑇̅ ∗ (𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ ) = ∫0

∗

̅ ∗ (𝜆∗𝑚 ,𝑧 ∗ ,𝑡 ∗ ,𝜏∗ )
𝜕𝜓
𝜕𝑡 ∗

𝑑𝜏 ∗

which yields the Hankel transformed temperature distribution as
∞

𝑇̅ ∗ (𝜆∗𝑚 , 𝑧 ∗ , 𝑡 ∗ )

=

∗ (𝜆∗
𝜓̅𝑠𝑠
𝑚

∗

∗

,𝑧 ,𝜏 ) + ∑
𝑛=1

cos(𝛾𝑛∗ 𝑧 ∗ ) ̃ ∗ ∗ −𝑎𝑡 ∗
𝑇̅ (𝜆 , 𝛾 )𝑒
𝑁𝐹 ( 𝛾𝑛∗ ) 𝑖 𝑚 𝑛

∞
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∗
−∑
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∗
𝑁𝐹 ( 𝛾𝑛 )
𝑛=1

𝑡∗

− ∫ 𝑒 −𝑎(𝑡
0
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𝑑
∗ (𝜆∗
∗
∗
∗
{𝜓̅𝑠𝑠
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∗
𝑑𝜏
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(2.27)

(2.28)
where 𝑎 = (𝑘𝑧𝑟 𝛾𝑛∗ 2 + 𝜆∗2
𝑚 ). The inverse Hankel transform of this expression yields the
temperature distribution 𝑇 ∗ (𝑟 ∗ , 𝑧 ∗ , 𝑡 ∗ ) as given in Eq. (2.29).
∞

𝑇

∗(

∗

∗

∗

𝑟 ,𝑧 ,𝑡 ) = ∑
𝑚=1

𝐽𝑜 (𝜆∗𝑚 𝑟 ∗ ) ∗ ∗ ∗ ∗
𝜓̅ ( 𝜆 , 𝑧 , 𝜏 )
𝑁𝐻 ( 𝜆∗𝑚 ) 𝑠𝑠 𝑚

∞

∞

𝑚=1

𝑛=1

∞

∞

𝑚=1

𝑛=1

𝐽𝑜 (𝜆∗𝑚 𝑟 ∗ )
cos(𝛾𝑛∗ 𝑧 ∗ ) ̃ ∗
∗
+ ∑
∑
𝑇̅𝑖 (𝜆𝑚 , 𝛾𝑛∗ )𝑒 −𝑎𝑡
∗
∗
𝑁𝐻 ( 𝜆𝑚 )
𝑁𝐹 ( 𝛾𝑛 )
∗

𝑡
∗ ∗
𝐽𝑜 (𝜆∗𝑚 𝑟 ∗ )
cos(𝛾𝑛∗ 𝑧 ∗ ) ̃ ∗ ∗
∗ −𝜏 ∗ ) 𝑑𝜑 (𝜏 )
−
𝑎
(𝑡
̅
− ∑
∑
𝐺 (𝜆𝑚 , 𝛾𝑛 ) ∫ 𝑒
𝑑𝜏 ∗
𝑁𝐻 ( 𝜆∗𝑚 )
𝑁𝐹 ( 𝛾𝑛∗ )
𝑑𝜏 ∗
0

(2.29)
where the normalization constant for the Hankel transform is
1
2
= ∗2 2 ∗ ∗
∗
𝑁𝐻 (𝜆𝑚 )
𝑅 𝐽1 (𝜆𝑚 𝑅 )
and
𝐿∗

∗
𝐺̃̅ (𝜆∗𝑚 , 𝛾𝑛∗ ) = ∫ 𝜓̅𝑠𝑠
(𝜆∗𝑚 , 𝑧 ∗ ) cos(𝛾𝑛∗ 𝑧 ∗ ) 𝑑𝑧 ∗
0

All other variables in Eq. (2.29) are defined above. Eq. (2.29) yields the dimensional temperature
distribution in terms of r, z and t as
𝑇(𝑟, 𝑧, 𝑡) = (𝑇𝑜 − 𝑇∞ )𝑇 ∗ ( 𝑟 ∗ , 𝑧 ∗ , 𝑡 ∗ ) + 𝑇∞
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(2.30)

2.5 Outputs from the model

The temperature distributions in polypropylene (PP) sheets due to ultrafast laser irradiation
are modeled using the above mentioned analytical solutions where the following thermophysical
properties and laser parameters are used.
Table 1: Thermophysical properties of PP [14-16] and laser irradiation parameters for thermal
modeling
Properties and Parameters

Value

Thickness of PP workpiece, (µm)

300

Thermal decomposition temperature, Tc (K)

601

Density of the material,  (Kgm-3)

946

Thermal conductivity, k, kr, kz (Wm-1K-1)

0.22

Thermal diffusivity, α (m2s-1)

1.37x10-7

Specific heat capacity at constant pressure, Cp (Jkg-1K-1)

1920

Heat transfer coefficient, h (W/m2K)

100

Pulse duration, ton (fs)

200

Pulse repetition rate, Np (MHz)

1

Pulse repetition rate, Np (kHz)

10, 100

Laser beam radius, 𝜔𝑜 (µm)

18.4

Laser Wavelength, 𝜆 (nm)

1030
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Fig. 2.2(a) shows the temperature distributions along the r direction at the PP surface 𝑧 =
0 for different pulse energies from 0.3 µJ to 2 µJ. Here, the pulse repetition rate (Np) and the pulse
duration are set to 1 MHz and 200 fs, respectively. Since the laser intensity is higher at the center
of the beam, the maximum temperature is reached at r = 0. In addition, a higher temperature is
attained for larger pulse energies because the input energy to the workpiece increases as the pulse
energy is increased. The temperature distributions along the z-direction at the center of the laser
beam 𝑟 = 0 are shown in Fig. 2.2(b) for pulse energies from 0.3 µJ to 2 µJ. In the model, the laser
beam is absorbed in the surface (z = 0) where the highest temperature is reached for each pulse
energy. The temperature decreases as the depth increase, because input energy decreases with
increasing depth.

Figure 2.2: Results from the thermal model for various laser parameters, (a) radially
symmetric temperature distribution at the surface of the workpiece, z = 0, and (b) axial
distribution of temperature at the center of the laser beam, r = 0, to examine the maximum
depth of the workpiece that can be vaporized using different laser parameters.

35

Figure 2.3: 2D contour plot of temperature distribution in the workpiece, showing
isotherms to indicate the removal of materials above the isotherm of vaporization
temperature marked by 601 K contour.
Fig. 2.3 shows the 2D temperature distribution in the workpiece for an average power of 2
W, the repetition rate of 1 MHz and interaction time of ti = 3.68 ms, where ti =

2𝜔𝑜
𝑣

, where v is the

laser cutting speed. The temperature at the workpiece surface (z = 0) and the laser beam center (r
= 0) is around 1600 K, which is higher than the thermal decomposition temperature of PP (600 K
– 700 K). By setting the temperature of 601 K (428°C) as the minimum temperature required for
PP material removal, the threshold pulse energy can be determined from Fig. 2.3 for partial-depth
cutting, D, on the upper surface or full-depth cutting, i.e., through cutting, from the upper to the
lower surfaces. Similarly, the kerf width and the depth of cut for any pulse energy can be obtained
from the contour graph (Fig. 2.3) by comparing it with the known decomposition temperature of
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PP. The volume of the removed material can be calculated from the kerf width and the depth of
cut by assuming a particular shape of the cross-section such as a triangular or parabolic shape.
Fig. 2.4(a) shows the surface temperature at the center of the laser beam as a function of
time. It can be seen that the workpiece temperature increases very rapidly at the arrival of each
laser pulse, which is expected because of the short pulse duration. Heat accumulation in the
workpiece is higher at high pulse energies. The heat accumulation depends on the pulse energy
and pulse repetition rate [17, 18], which need to be optimized for efficient materials processing to
avoid excessive heating and thermal damage to the material. Fig. 2.4(b) shows the heat
accumulation for the pulse energy 2 µJ at the repetition rate 1 MHz, and the laser-material
interaction time 3.68 ms within which 3680 pulses are incident on the sample. It can be seen that
the temperature is above the PP decomposition temperature at 0.5 ms.

Figure 2.4: Temperature distribution over time for different energies at the surface of the
workpiece (z = 0, r =0) and the decomposition temperature of PP indicated by a horizontal
dash line, (a) heat accumulation with different pulses and (b) heat accumulation with 2 µJ
pulse energy.
37

2.6 References
1.

B. S. Yilbas and S. Z. Shuja, “Laser short-pulse heating of surfaces,” J. Phys. D: Appl.
Phys. 32(16), 1947 - 1954 (1999).

2.

M. Khenner and V. K Henner, “Temperature of spatially modulated surface of solid film
heated by repetitive laser pulses,” J. Phys. D: Appl. Phys. 38(23), 4196 - 4201 (2005).

3.

B. S. Yilbas and M. Pakdemirli, “Analytical solution for temperature field in electron and
lattice sub-systems during heating of solid film,” Physica B Condens Matter 382(1- 2), 213
- 219 (2006).

4.

B. S. Yilbas, A. Y. Al-Dweik, and S. B. Mansour, “Analytical solution of hyperbolic heat
conduction equation in relation to laser short-pulse heating,” Physica B Condens Matter
406(8), 1550 -1555 (2011).

5.

A. K. Nath, A. Gupta, and F. Benny, “Theoretical and experimental study on laser surface
hardening by repetitive laser pulses,” Surf. Coat. Tech. 206(8-9), 2602 - 2615 (2012).

6.

B. C. Stuart, M. D. Feit, S. Herman, A. M. Rubenchil, B. W. Shore, and M. D. Perry,
“Optical ablation by high- power short - pulse lasers,” J. Opt. Soc. Am. B 13(2), 459 - 468
(1996).

7.

T. T. Lam, “A generalized heat conduction solution for ultrafast laser heating in metallic
films,” Int. J. Heat Mass Transf. 73, 330 - 339 (2014).

8.

G. Chen, Y. Wang, J. Zhang, and J. Bi, “An analytical solution for two-dimensional
modeling of repetitive long pulse laser heating material,” Int. J. Heat a Mass Transf. 104,
503 - 509 (2017).

9.

L. L. Taylor, R. E. Scott, and J. Qiao, “Integrating two-temperature and classical heat
accumulation models to predict femtosecond laser processing of silicon,” Opt. Material
Express 8(3), 648 - 658 (2018).

10.

V. I. Mazhukin, I. Smurov, C. Surry, and G. Flamant, “Overheated metastable states in
polymer sublimation by laser radiation,” Appl. Surf. Sci. 86(1- 4), 7-12 (1995).

11.

Y. K. Godovsky, Thermophysical properties of Polymers, (Springer, 1992).

12.

C. Zang, I. A. Salman, N. R. Quick, and A. Kar, “Two-dimensional transient modeling of
CO2 laser drilling of microvias in high-density flip chip substrates,” in ICALEO (LIA,
2005), pp. 404-411.

13.

M. N. Özişik and D. W. Hahn, Heat conduction, (Wiley, 2010).

14.

C. Maier and T. Calafut, Polypropylene: The Definitive User’s Guide and data book,
(Elsevier, 2008).

15.

S. J. Kalita, S. Bose, H. L. Hosick, and A. Bandyopadhyay, “Development of controlled
porosity polymer-ceramic composite scaffolds via fused deposition modeling,” Mater Sci.
Eng. C 23(5), 611 - 620 (2003).

38

16.

S. Zhang and A. R. Horrocks, “A review of flame retardant polypropylene fibres,” Prog.
Polym. Sci. 28(11), 1517-1538 (2003).

17.

S. M. Eaton, H. Zhang, P. R. Herman, F. Yoshino, L. Shah, J. Bovatsek, and Al. Y. Arai,
“Heat accumulation effects in femtosecond laser-written waveguides with variable
repetition rate,” Opt. Express 13(12), 4708 - 4716 (2005).

18.

F. Bauer, A. Michalowski, T. Kiedrowski, and S. Nolte, “Heat accumulation in ultrashort pulsed scanning laser ablation of metals,” Opt. Express 23(2), 1035 -1043 (2015).

39

CHAPTER 3: THERMAL EFFECTS OF ULTRAFAST LASER
INTERACTION WITH POLYPROPYLENE
(This Chapter is mostly based on the experimental part of the Author’s publication: Arifur
Rahaman, Aravinda Kar, and Xiaoming Yu, “Thermal effects of ultrafast laser interaction with
polypropylene,” Opt. Express 27(4), 5764-5783 (2019).)

3.1 Introduction
In this chapter, the analytical solution is used to analyze the effects of processing
parameters, i.e. pulse energy, scanning speed, repetition rate, focal spot size, and pulse duration.
Experiments are conducted on PP sheets of thickness 300 µm, which are important materials in
many industrial applications, such as packaging for consumer products, plastic parts for various
industries including the automotive industry, special devices like hinges, and fabrics [1], due to
low cost, good flexibility, and low weight of this material. The experimental results will be used
to verify the model and to analyze the effects of various processing parameters. The material
removal rates are found to have a linear relationship with the absorbed laser energy for different
values of absorptivities under various laser-PP interaction conditions, indicating that the thermal
effects of different laser parameters are similar but the optical effects, i.e., the absorptivities, are
different. This study on laser-PP interactions using theoretical and experimental methods shows
the feasibility of using ultrashort laser pulses to cut thin polymer materials with high precision.
Also, thermal model, which is developed in this study, can be applied to other laser materials
processing applications, such as the laser heat treatment for surface hardening, laser drilling, laser
ablation, and micro-and nano-structuring of the surface. In addition, this model can be used to
determine the temperature distribution by varying the beam shape temporally and spatially for
examining the shapes and sizes of the two-dimensional and three-dimensional structures produced
by a given set of laser parameters.
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3.2 Experimental studies
Commercially available PP sheets ((C3H6) n) of thickness 300 µm were used in this study.
The reflectance and absorption coefficient of this material are measured as 81% and 188 cm-1,
respectively, at the wavelength of 1030 nm. A Yb: KGW (Yb doped Potassium Gadolinium
Tungstate) laser of this wavelength was used to cut the PP sheets with various laser parameters.
The cross-sections of the laser cut channels were prepared using both a sharp knife and a laser
beam. Since similar cross-sections were obtained by both methods, the sharp knife was used for
simplicity. The sheets were placed in an upright position and the cross-sections were examined in
an optical microscope to measure the width and depth of the kerf.

Figure 3.1: Schematics of the experimental setup for laser cutting.
Fig. 3.1 shows an experimental setup for ultrafast laser cutting of thin (300 µm) PP sheets.
The laser delivers 170 fs – 10 ps laser pulses with the maximum pulse energy of 1 mJ and the
repetition rate tunable up to 1 MHz. The central wavelength is 1030 nm and the maximum average
output power is 6 W. The diameter of the output beam of the laser system is 4 mm which is
enlarged to 10 mm by a beam expander. The laser power is controlled by an attenuator which is a
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variable neutral density filter. The laser beam is focused with a lens of 250 mm focal length and
the workpiece is placed at the focal plane where the beam diameter is measured to be 36.8 µm at
1/e2-point. The surface of the workpiece is kept perpendicular to the laser beam.

3.3 Results and discussion
Fig. 3.2 shows experimental results for the effect of repetition rates on the laser cutting of
PP sheets at 10 mm/s. For a 10 kHz repetition rate (Fig. 3.2(a)), each of the pulses has large pulse
energy, therefore, the workpiece is heated to high temperatures resulting in a large heat-affected
zone (HAZ). Fig. 3.2(b) shows the laser cutting at 100 kHz where the overlapping area between
two successive pulses is higher than that at 10 kHz. The areas of pulse overlapping on the surface
of the workpiece are 96.54% and 99.65% of the area of laser spot for 10 kHz and 100 kHz,
respectively,
𝑣

(2𝜔

𝑜 𝑁𝑝

and
𝑣

)√1 − (2𝜔

𝑜 𝑁𝑝

this

overlapping

area

is

defined

as 𝑂𝑙 = 2 𝜔𝑜2 [cos −1 (

𝑣
2𝜔𝑜 𝑁𝑝

)−

)2 ]. The best cutting results were observed at 100 kHz with almost no HAZ

where through cuts were obtained for pulse energies > 15 µJ. Although the pulse overlapping is
much higher for 100 kHz compare to previous case of Fig. 3.2(a), better cutting quality is obtained
in Fig. 3.2(b) since the pulse energy is much lower than in the case of Fig. 3.2(a). For 1 MHz
repetition rate (Fig. 3.2(c)), the pulse overlapping is too high (99.96%), which doesn’t allow heat
to dissipate in the bulk of the workpiece before the next pulse is incident on the workpiece.
Therefore, the heat accumulates at the laser-material interaction zone, causing thermal damage and
burning of the material as shown in Fig. 3.2(c). This heat accumulation effect is illustrated in Fig.
3.3(a).
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Figure 3.2: Effect of different pulse repetition rates on the laser cutting process for different
pulse energies with the same average powers, showing a variety of cut quality such as
partial-depth cutting, through cutting and burning of the workpiece.
The upper row in Fig. 3.3(a) shows that the time period between two pulses is very short
for 1 MHz, which doesn’t allow heat to dissipate, therefore heat accumulation occurs. The lower
row, on the other hand, shows a longer time period between two pulses at the pulse repetition rate
of 100 kHz, which provides sufficient time for heat to dissipate resulting in nearly no accumulation
of heat. Fig. 3.3 (b) shows the optical microscopic top view of the workpiece after cutting
experiments at 1 MHz and 100 kHz repetition rates. Partial-depth cuts were obtained for both
cases, but the cuts were shallower in the case of 1 MHz pulse than for 100 kHz pulses. The reason
for this effect has been explained above in Fig. 3.2. Significant HAZ and burning can be observed
at 1 MHz and cleaner cuts can be seen at 100 kHz in Fig. 3.3 (b). Fig. 3.3 (c) shows a Scanning
Electron Microscope (SEM) images for examining the cut surfaces at a higher magnification than
in Fig. 3.3 (b). These micrographs reveal wavy but cleaner kerf produced by 100 kHz pulses,
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whereas 1 MHz pulses produce wider kerf at the surface with damaged side wall. The burning,
which is observed at 1 MHz pulses, is expected to induce uncontrolled heating and vaporization
of the workpiece, resulting in thermal damages and highly tapered profile of the kerf.

Figure 3.3: Microscopic examination of the cut quality, (a) illustration of heat accumulation
at a high (1 MHz) repetition rate, (b) optical microscopic images of laser cut PP sheets at
1 MHz and 100 kHz with the same average power 1.5 W and (c) SEM images of the sheets
in (b) for analyzing the cut quality at a higher magnification.

Figure 3.4: Comparison between the experimental kerf profile and the model result
obtained at the cutting speed of 20 mm/s with a laser of pulse energy 20 µJ and 100 kHz
repetition rate.
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Fig. 3.4 shows the cross-sectional view of a laser-cut channel in PP. This partial-depth
cutting was accomplished with 20 µJ pulse energy and a 100 kHz repetition rate at 20 mm/s cutting
speed. Fig. 3.5 also shows a theoretical cross-section determined from the 2D thermal model
corresponding to the isotherm of the decomposition temperature (601 K) of PP. The shapes of
different isotherms are discussed in the previous chapter in Fig. 2.3. It can be seen that the
experimental and theoretical results match fairly well. The discrepancies between the two profiles
may be due to the variations in the thermophysical properties and absorptivity of PP at high
temperatures during laser cutting.

Figure 3.5: A process parameter map containing theoretical isotherms and experimental
results to delineate different physical effects such as through cut and burning observed
during the interaction between the ultrafast laser and PP workpiece.

During the experiments, burnings of PP, i.e. flames, were observed for low cutting speeds
(10 mm/s) at high pulse repetition rates (1 MHz). Burning is caused by the self-ignition of the
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material when the temperature exceeds a threshold temperature of self-ignition which is > 850 K
for PP [2]. Fig. 3.5 represents a laser-material interaction map based on experimental data and the
thermal model to predict the occurrence of burning. The effects of four different experimental
conditions are analyzed in Fig. 3.5. The experimental data show that PP self-ignites at a low cutting
speed (10 mm/s) around a temperature of 1150 K. No burning is observed at higher cutting speeds
and higher pulse energies (e.g., 60 mm/s and 4 μJ). The model, however, predicts the occurrence
of burning under these conditions since the thermal energy carried away by the vaporized material
is neglected in the model. It is postulated that when the cutting speed is high, more materials are
expelled from the laser-material interaction zone and they remove a large amount of the energy
deposited by the laser on the workpiece. Therefore, the temperature never reaches the self-ignition
temperature.
During the cutting process, the polymeric material undergoes various phase changes,
including thermal degradation, chemical decomposition of the atomic bonds in the polymeric
chains, polymer vapor, and a plasma plume consisting of both positive and negative ions and
neutral elements. The absorption of laser energy will, therefore, change during the cutting process,
and this effect can be included in the model by considering temperature-dependent or timedependent absorptivity. It should be noted that the thermophysical properties of the substrate, i.e.,
the thermal conductivity, density, and specific heat capacity, are also temperature-dependent.
These properties including the absorptivity are, however, considered constant in this study to
simplify the thermal analysis of the ultrashort pulse cutting process.
The absorptivity is assumed to be 20% to obtain all of the above-mentioned results from
the thermal model. However, the absorptivity is expected to vary with temperature depending on
various cutting conditions. This effect is examined in Fig. 10, showing that different values of
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absorptivity can be estimated for different cutting conditions by comparing the experimental cut
depths with the model prediction for the depth of heating. The theoretical temperature distribution
yields a critical depth at which the temperature is just the decomposition temperature (601 K) of
PP, and higher temperature occurs at lower depths. Therefore, the kerf will form due to material
removal up to the critical depth. The temperature distribution is determined by varying the
absorptivity in the mathematical model to match the critical depth with the experimental cut depth
as shown in Fig. 3.6.

Figure 3.6: Estimation of absorptivity by fitting the theoretical results to experimental data
on partial cut depths at r = 0 for different cutting speeds.
The absorptivities are estimated as 0.1, 0.2 and 0.3 for 20 mm/s, 50 mm/s and 100 mm/s,
respectively, at 1 MHz repetition rate. The optical properties of PP are expected to vary with the
laser processing conditions since vapor and possibly plasma plume is generated at high pulse
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repetition rates and low cutting speeds. The vapor and plasma plume can reflect and absorb the
laser energy as the beam passes through these media and, therefore, reduces the amount of laser
energy reaching the surface of the material [3]. This effect is modeled by lowering the absorptivity
so that a lesser amount of the incident laser energy is deposited as heat in the workpiece.

Figure 3.7: Experimental data for the depth of the cavity formed during laser cutting at
different speeds and repetition rates, showing that the cut depths follow the same trend as
a function of absorbed intensity.
Experiments were performed to examine the effects of various processing parameters such
as the repetition rate, scanning speed, pulse energy and the laser beam diameter. Fig. 3.7 shows
the depth of cut as a function of the “absorbed total pulse energy” (upper x-scale), 𝐸𝑇𝑃 =
and the “absorbed laser intensity [4]” (lower x-scale), 𝐼𝑎 =

2𝐴𝐸𝑝 𝑁𝑝
𝜔𝑜 𝑣𝑡𝑜𝑛

2𝜔𝑜 𝐴𝐸𝑝 𝑁𝑝
𝑣

.The depth of the cavity formed

by the removed material coincides to a single straight line in Fig. 3.7 for different values of
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absorptivity under various laser-PP interaction conditions, indicating that the thermal effects of
different laser parameters are similar but the optical effects, i.e., the optical response of the material
to the laser parameters, are different. The absorptivities for different processing conditions can be
estimated by comparing the results of HCM with the experimental results of the cavity depth as
explained in Fig. 3.6. The experimental data are fitted as the following linear equation
𝐷 = 𝑏(𝐼𝑎 − 𝐼𝑎𝑜 )

(3.1)

where the slope, b, and the threshold absorbed intensity for material removal, 𝐼𝑎𝑜 , are found
to be 0.0178 cm3/PW and 0.21 PW/cm2, respectively. Using this linear relationship, one can
estimate the “total energy or total intensity” to cut any thickness of PP sheet.
To study the effect of the absorbed power on the volume of material removed during the
cutting process, an Overall Energy Model (OEM) is presented by considering an energy balance
between the total amount of absorbed laser energy and the heat losses due to conduction in the
workpiece and the heating of the vaporized material as discussed. The heat loss, Hl, occurs due to
conduction through the two side walls of the kerf, and the heating energy loss, He, occurs due to
the heating of the removed material from room temperature to the vaporization temperature. This
model yields by following equation:
1

𝐻𝑙

𝑒

𝐻𝑒

𝑣𝑤𝑘 𝐷 = 𝐻 (𝐴𝐸𝑝 𝑁𝑝 ) −

(3.2)

where wk is the kerf width produced during partial-depth cutting of the workpiece. Here,
He and Hl are the heating energy and the heat energy loss, respectively.
Eq. (3.2) is derived by considering an overall energy balance per unit time for the absorbed
laser energy, loss of energy due to heat conduction in the substrate and the amount of energy used

49

for heating the removed material from room temperature to a final temperature Tf so that Tf is
higher than the vaporization temperature of the material. The quasi-steady state energy balance
over a time t is written as
(𝑇𝑓 − 𝑇𝑜 )
1
2
𝑁𝑝 𝐸𝑝 𝐴𝑡 = 𝑣 𝑤𝑘 𝐷 𝜌 [𝑐𝑝 (𝑇𝑚 − 𝑇𝑜 ) + 𝐻𝑚 + 𝐻𝑣 + 𝑐𝑝 (𝑇𝑓 − 𝑇𝑚 )]𝑡 + 𝑘
𝑣 𝑡𝑜𝑛
𝑁𝑝 𝑑𝑝 𝑡
2
√𝛼𝑡𝑜𝑛
+𝑘

(𝑇𝑓 − 𝑇𝑜 )
2√𝛼𝑡𝑜𝑓𝑓

𝑣(𝑡𝑜𝑛 + 𝑡𝑜𝑓𝑓 ) 𝑑𝑝 𝑡𝑜𝑓𝑓 𝑁𝑝 𝑡

(3.3)
where the first term on the left-hand side is the absorbed laser energy. The first term on the righthand side is the total amount of energy required to heat a volume of material to produce the kerf.
The kerf profile is considered to have a triangular shape of width wk and depth D. The second and
third terms are the heat losses through the two side walls of the kerf due to conduction during the
pulse-on and pulse-off times respectively. Since the temperature of the side walls decreases
rapidly during the pulse-off time, an average temperature (Tf+To)/2 is considered to estimate the
conduction heat loss due to a linear thermal gradient over a thermal boundary layer of width
2√𝛼𝑡𝑜𝑓𝑓 , where α is the thermal diffusivity. Also, the conduction heat loss occurs during the
pulse-off time over the side wall length of vton produced during the pulse-on time and the length
of vtoff created during the pulse-off time, which appears in Eq. (3.3) as v(ton+toff).
𝑣𝐷

In Eq. (3.3), 𝑑𝑝 = 2𝑁

𝑝 𝜔𝑜

, Tf, Tm and k are the kerf depth created per pulse, the final

temperature reached during the cutting process, the melting temperature and thermal conductivity
of the material, respectively. The other variables Hm, Hv, and toff represent the latent heats of
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melting and vaporization, and the pulse-off time, respectively. Hm and Hv are irrelevant for the
case of ablating PP [5].
Eq. (3.3) can be simplified to Eq. (3.2) with the following expressions for He and Hl:
𝐻𝑒 =

𝐻𝑙 = √𝑘𝜌𝑐𝑃

1
2

𝜌 [𝑐𝑃 (𝑇𝑓 − 𝑇𝑜 ) + 𝐻𝑚 + 𝐻𝑣 ];

(𝑇𝑓 − 𝑇𝑜 ) 𝑣 2 𝐷
3/2
3/2
[2𝑡𝑜𝑛 + 𝑡𝑜𝑓𝑓 + 𝑡𝑜𝑛 √𝑡𝑜𝑓𝑓 ]
4
𝜔𝑜

Figure 3.8: Comparison between the experimental data for the material removal rate as a
function of absorbed average power during laser cutting and the corresponding linear trend
predicted by an overall energy balance model.
Fig. 3.8 compares this linear relationship, Eq. (3.2), with experimental results and yields
the heating energy He = 1.28 J/mm3 as the slope of the straight line and the heat energy loss Hl =
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0.263 W as the intercept of the straight line on the x-axis at which D = 0. Therefore, Hl can be
interpreted as the threshold absorbed laser power for material removal, i.e., 𝐻𝑙 = (𝐴𝐸𝑝 𝑁𝑃 )𝑜 , and
Eq. (3.2) can be rewritten as 𝑣𝑤𝑘 𝐷 =

(𝐴𝐸𝑝 𝑁𝑝 )−(𝐴𝐸𝑝 𝑁𝑝 )𝑜
𝐻𝑒

. Two significant unknown parameters in

Eq. (3.2) are the absorptivity A and the final temperature Tf besides the thermophysical properties
of the material. Tf and A can be estimated using the HCM as discussed in Fig. 3.6. The values of
Tf, which were determined for different pulse energies 1 to 4 µJ, vary from 612 to 1555 K for 20
mm/s, 717 to 1974 K for 50 mm/s, and 629 to 1625 K for 100 mm/s cutting speeds. While the
HCM provides a detailed analysis of the thermal energy distribution by the heat conduction
mechanism during laser heating, the OEM yields a simple linear equation to analyze experimental
data for determining the energy loss due to conduction and the utilization of energy for
vaporization.

3.4 Summery
An analytical solution to the governing equation for heat transfer in ultrashort laser pulse
heating of solid PP sheets is obtained using the integral transform method and Duhamel’s theorem.
The temperature distributions for radial and axial locations are modeled, and the effects of
repetition rate and scanning speed are investigated. The calculation using the model and the
measured the depth of cut and kerf width are in good agreement. From experimental studies, it is
observed that a repetition rate of 100 kHz is capable of producing clean, through cut at pulse
energies of tens of μJ. The depths of cavities under partial-depth cutting conditions with different
laser parameters collapse into a single straight line as a function of intensity. A simple overall
energy balance model is presented, showing that the volumes of vaporized material also coincide
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on a single straight line as a function of the absorbed laser power. Experimental data can be
analyzed using this overall energy model to determine the conduction loss of energy and the
utilization of energy for vaporizing the removed material.
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CHAPTER 4: TIME-RESOLVED MEASUREMENTS OF ULTRAFAST
LASER INTERACTION WITH POLYPROPYLENE
(This Chapter is mostly based on the Author’s publication: Arifur Rahaman, Aravinda Kar, and
Xiaoming Yu, “Time-resolved measurements of optical properties in ultrafast laser interaction
with polypropylene,” Opt. Express 28(2), 2640-2648 (2020).)

4.1 Introduction
Ultrafast lasers have been used widely for high precision material processing in fundamental
research and industrial applications since the 1980s [1, 2]. High-power ultrashort laser pulses are
used in various types of material processing including laser drilling [3], cutting [4], surface
hardening [5], polishing [6,7], cleaning [8] and micro/nano machining [9,10]. When an ultrafast
laser pulse is focused onto a target material with the energy density (i.e., fluence) exceeding the
damage threshold of that material, vaporization and eventually the formation of plasma (consisting
of atoms, positive and negative ions, molecules, nanoparticles, clusters and agglomerates [11]) can
form resulting in luminous light emission [11,12]. Laser-produced plasmas (LPPs) has a great
advantage in a variety of applications including laser-induced breakdown spectroscopy [13], highorder harmonic generation [14], attosecond pulse generation [15], nanoparticle generation [16] and
material analysis[17]. However, LPPs might deteriorate laser processing quality and efficiency
(especially for polymers, which typically have a low melting point) by absorbing and reflecting
laser energy as the beam passes through the plasma, thereby reducing the amount of laser energy
reaching the surface of material [18]. Therefore, it is essential to understand the dynamics of
ultrafast laser interaction with polymers for improving processing quality. In addition, optical
properties such as reflectance, transmittance and absorptance are crucial in selecting laserprocessing parameters, and such properties become fluence (intensity) dependent for high pulse
energies.
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The optical properties and dynamics of laser-material interaction depend on laser wavelength,
pulse duration, intensity, temporal and spatial pulse shape, pulse repetition rate, ambient
environment, and material properties [19]. The characteristics vary with time and space rapidly,
so optical properties and LPPs are transient effects that are not easy to measure and detect. To
understand the dynamics of ultrafast laser-material interaction, time-resolved measurements are
essential. Researchers have used various methods for such measurements, including shadowgraph,
holography, interferometry, beam deflection, and probe beam diagnostics [20]. The most
commonly used approaches are pump-probe beam diagnostics and shadowgraphy. Pump-probe
experiments are complicated involving multiple-beam paths and the reconstruction of the event
requires delay scan, which can be time-consuming [21]. In the case of the optical shadowgraphy,
the duration of the probe beam is required to be short to image a fast event with a suitable detector
(such as a CCD camera) with approximate magnification [22]. Although Z-scan is a simple and
effective technique to measure the nonlinear refraction and absorption coefficients, it requires
scanning the sample which is also time-consuming [23, 24]. To analyze the elementary
composition of a target, researchers are using laser-induced breakdown spectroscopy (LIBS)
technology, which can reveal the physical processes that lead to the formation of high-temperature
plasma induced by a short pulse [25]. During the plasma cooling period, light emits from the
plasma cloud as the electrons of the atoms and ions at the excited states fall down to the ground
state. The ellipsoidal mirror-based method can also be used to detect such events if the sample is
irradiated with sufficient fluence (intensity) to create a plasma cloud.
In our previous study, it was found that heat accumulation and plasma or surface vaporization
due to high repetition rate deteriorates the processing quality of polypropylene (PP) [26], an
important material in many industrial applications, such as packaging for consumer’s products,
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plastic parts for various industries (including automotive industry), special devices like hinges and
fabrics [27]. In this study, time-resolved measurements of the interaction between ultrafast lasers
with PP is performed with an ellipsoidal reflector. The absorptance is determined by analyzing the
transmitted and reflected signals detected by photodiodes and a GHz-bandwidth oscilloscope. The
dynamics of ultrafast laser interaction with polypropylene are studied experimentally in the singleshot configuration. The experimental results are explained with a model that accounts for different
effective absorption channels and the nonlinear absorption coefficient is estimated, which suggests
that the nonlinear absorption originates from two-step or two-photon (where two photons are
simultaneously absorbed) absorption through overtones [28].

4.2 Experimental setup
The interaction of a Yb: KGW (Pharos, Light Conversion) laser, delivering ultrashort laser
pulses of pulse length 170 fs and center wavelength 1030 nm, with white opaque PP sheets were
studied. Each sheet was 300 µm thick containing small amounts of several impurities Si, C, Li,
Na, Al, K, and SiO2 that exhibited characteristic peaks in the secondary ion mass spectroscopic
spectrum. The experimental setup for time-resolved measurements is shown in Fig. 4.1. In this
system, the femtosecond laser beam, whose diameter is enlarged to ~10 mm by a beam expander
and pulse energy-adjusted by a variable neutral density filter (attenuator, in Fig. 4.1), is focused
onto the sample with a lens of 250 mm focal length. A beam splitter is used to reflect 6.5% of the
beam, which is used as a reference beam to determine the incident laser pulse energy.
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Figure 4.1: Schematic for experimental set up for time-resolved measurement
Three photodiodes (PD 1-3, Thorlabs, FDS100) are used in the experiment, and data
acquisition is through a 1-GHz oscilloscope (Tektronics, MDO3104). The PP sheet is placed on
the top of a fixture, which is used to hold both the PP sample and PD 3. The PP sheet is irradiated
with a single laser pulse and the reflection signal of the irradiated pulse is captured by an ellipsoidal
reflector (E180, Optiforms) with silver coating. We choose to use an ellipsoidal reflector because
it enables to collect most of the reflected light [29, 30] and to have easy access to the sample. In
this system, the sample is placed at lens 2’s focus, which coincides with the internal (first) focal
point of the ellipsoidal reflector. The surface normal of the sample is tilted with an angle of 17º
with respect to the laser beam to reduce light backscattering through the entrance hole of the
ellipsoidal reflector, while both specular and diffusive reflections are collected by this ellipsoidal
reflector and detected by PD 2, which is located near the external (second) focal point of the
ellipsoidal mirror. To position PD 2, the ellipsoidal mirror is held with a fixture that is mounted
on a 3D stage. By adjusting the 3D stage, the light reflected by the ellipsoidal mirror is focused on
PD 2 at low intensity. Then, the signal from PD 2 is maximized by tuning the position of PD 2.
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The active area for the photodiode is 3.6 mm × 3.6 mm. PD 3 is placed at the back of the PP sheet
to detect the transmission signal. A fixture attached to a 3D stage is used to move the sample to
ensure a fresh surface for each laser shot. The rise/fall time, tr, of this photodiode (FDS100) is 2.12
ns, which is calculated using the load resistance Rload = 40 Ω and junction capacitance Cj = 24 pF.
The impulse response time is measured as 3.23 ns, which is the FWHM of the shortest pulse
measured by the oscilloscope for this photodiode. Compared to other techniques such as pumpprobe and Z-scan, our setup does not require scanning of delay or sample position, which is timeconsuming. The presented setup can be modified to collect spectral data by replacing PD 2 with a
spectrometer.

4.3 Experimental Results
Fig. 4. 2(a) shows the output signal recorded by the oscilloscope for the incident, reflected
and plasma, and transmitted beam by PD 1, PD 2, and PD 3, respectively. The signal is obtained
when a pulse with an energy of 20 µJ and peak fluence of 3.76 J/cm2 irradiates the sample. As
mentioned before, 6.5% of the incident light is obtained as the reference beam and 86% reaches
the sample. To avoid saturation in PD 2 the reflection signal is attenuated by 10 times by using an
ND filter in front of PD 2. The shaded regions are integrated area at FWHM for each of the signals
and the integrated area for each signal is shown in the inset. The temporal behavior of the PD 2
signal exhibits features different from the incident and transmission signal. It can be seen from
Fig. 4.2(a) that PD 2 outputs two peaks, a large (“main”) peak between t=0 and 40 ns, and a small
peak centered around t = 90 ns. Here, the first peak corresponds to the reflection of the laser pulse
itself and second peak is attributed to plasma emission [11] due to the laser-material interaction as
the emission is not observed below the damage threshold. Although our experimental setup cannot

58

detect plasma emission in the UV wavelength due to the silver coating of the ellipsoidal mirror
and the responsivity of the silicon photodiodes, the measurement of reflectance is not influenced
by the plasma because only the first peak is used in the analysis, while the second peak, which is
attributed to plasma emission, is ignored.

Figure 4.2: PD signals observed on the oscilloscope (a) Incident, reflected, and transmitted
signal for 20-µJ pulse energy. The signals are scaled by 6.5%, 10%, and 100%,
respectively. Shaded region for each of the signals represents the FWHM integrated area.
The inset shows the linearity of the PDs (only PD 1 is shown here). (b) The signal detected
by PD 2 for different pulse energies. (c) Second peaks with different pulse energies.
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However, events that occur shorter than ns might not be detected due to the slow response
of photodiodes (ns response time). Fig. 4.2(b) shows the PD 2 signal as a function of pulse
energies. It can be seen from Fig. 4.2(c) that the signal of the second peak increases with higher
pulse energy due to increased plasma formation. The second peak signals are absent for peak
fluence < 0.56 J/cm2, which corresponds to 3 µJ pulse energy, where the damage threshold is found
to be 0.15 J/cm2, which corresponds to pulse energy of 800 nJ.

Figure 4.3: Reflectance (R), transmittance (T), and absorptance (A) of PP sheet as a
function of laser fluence.
Fig. 4.3 shows the total reflectance, R (specular and diffusive), transmittance, T and
absorptance, A as a function of peak fluence and peak intensity. In calculating R and T, integrated
areas at FWHM of the PD traces for reflection and transmission are used with proper scaling based
on their attenuation. Then, the integrated areas for reflection and transmission are divided by the
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corresponding integrated area of the incident signals to get R and T, respectively. In determining
R, only the first peek of the PD 2 signal is considered. Absorbance, A is calculated as A= 1 – T –
R. It is found that the reflectance of the sample remains constant (R = 0.6) for peak fluence <0.3
J/cm2, because the material surface does not undergo any change. The reflectance begins to
decrease quickly after the damage threshold peak fluence 0.15 J/cm2 is reached, and continues to
decrease beyond the threshold of plasma formation, 0.56 J/cm2 (discussed in Fig. 4.2). Since the
damage doesn’t occur below the damage threshold fluence, the transmittance in Fig. 4.3 and the
absorptance in Fig. 4.3 remain constant until the damage threshold peak fluence is reached. This
regime is called the “linear absorption region”, which is marked with shade in Fig. 4.3. As the peak
fluence increases, the reflectance drops because of non-linear absorption, which will be explained
in detail in the next section.
4.4 Model and Discussion

Although ultrafast lasers are suited for processing polymeric material [20], understanding of
several fundamental questions, including the relative significance of different linear and nonlinear
absorption processes, is still lacking. In the case of focusing femtosecond laser pulses into
polymers, a photon may not have enough energy to promote an electron from the valance band to
the conduction band at low laser intensity. However, for wide band-gap material like polymers,
absorption of laser is a mix of linear (single-photon) and nonlinear (multiphoton) processes. The
equation describing the attenuation of the ultrafast laser pulse with an intensity I(z) passing through
the material undergoing single-photon and two steps absorption or two-photon absorption is given
by
dI ( z )
 1 I ( z )   2 I 2 ( z )
dz
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(4.1)

Figure 4.4: (a) Fitting of the experimental results using Eq. 4.2. The laser intensity used in
this experiment can be divided into three regions (Region I, II and III). Damage observed
by (b) optical and (c) scanning electron microscopy (SEM) at corresponding intensities 9.4
(A), 94.1 (B), 378.3 (C) and 658.2 (D) PW/ m2 shown in (a).
where 𝛼1 is the linear absorption coefficient and 𝛼2 is the third-order nonlinear absorption
coefficient. The transmittance of the ultrafast laser pulse through the sample can be found from
the solution to the differential equation (4.1), which can be written as
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(4.2)

where R and I o  F / ton are the reflectance and the peak intensity of the laser pulse,
respectively, with the peak fluence F  2 E2 . Here, E , wo and
 wo

ton are the laser pulse energy, the

radius of the incident beam, and pulse duration, respectively.

Figure 4.5: Absorptance, A of impure PP sample is determined from the transmittance, T,
and the specular reflection measurement, Rs of PP sample by using a spectrophotometer
(Cary 500).
Fig. 4.4(a) shows experimental data on transmittance, T, that can be classified into three
regions. In Region I, T remains nearly constant up to an ablation threshold fluence (or intensity),
and then T decreases as the fluence increases in Region II indicating nonlinear laser-matter
interaction. In Region III, however, the data fluctuates but the average value exhibits nearly
fluence-independent transmittance indicating linear absorption. The absorption spectrum in Fig.
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4.5 reveals the degree of nonlinear absorption in Region II due to the presence of two absorption
peaks at 1030 and 515 nm. While the peak at 1030 nm indicates the vibrational overtone
absorption of the incident laser photons, the peak at 515 nm provides a mechanism for two-step or
two-photon absorption through overtone [28]. To determine the linear absorption coefficient 𝛼1 ,
the two-photon absorption coefficient 𝛼2 was set to zero in Eq. (4.2) to obtain the solution of
single-photon absorption, T  (1  R)e

1L

. This equation was fitted to the experimental data in

Region I using the values of R as a function of I0 from Fig. 4.3 and L = 300 µm, and 𝛼1 was found
to be 5260 m-1. Using this value of 𝛼1 , Eq. (4.2) was fitted to the experimental data in both Regions
I and II for the nonlinear absorption coefficient, α2 = 1.57 x 10-12 mW-1. This value is consistent
with previously found values for polymers [31, 32].
The reversal of nonlinear absorption to linear absorption in Region III, which begins at the
peak intensity 470 PW/m2 in this study, may be attributed to air breakdown in front of the substrate
surface at high intensities. Several studies [33-36] have reported the air breakdown threshold peak
intensity in the range of 100 to 1000 PW/m2 for femtosecond laser with pulse duration 100 – 200
fs and wavelength 800 nm. The air plasma formed in front of the substrate due to this breakdown
can reflect and absorb much of the incident laser energy. Therefore, the actual laser intensity at the
substrate surface is reduced significantly, resulting in linear absorption in the substrate. Figs.
4.4(b, c) show laser damages on the surfaces of the PP sheet at the fluences 0.15, 1.88, 7.52, and
13.16 J/cm2 for damages A, B, C, and D, respectively. Damage A corresponds to the damage
threshold fluence/intensity in Region I, whereas damage D corresponds to Region III. Damages B
and C indicate that the damage size changes with fluencies/intensities in Region II, whereas the
damage size was found to be nearly the same as the damage size D in Region III. This effect of
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intensity on damage size correlates with the measured transmittance very well since the
transmittance decreases steadily in Region II but remains almost constant in Region III.

4.5 Summery
In summary, time-resolved measurements of reflectance, transmittance, and absorptance
are performed for laser intensity ranging from well below to well-above the damage threshold. An
ellipsoidal mirror enables the collection of the majority of the reflected light (>98.2 %) while
providing easy access to the sample compared to an integration sphere. We observe in the
reflection signal a distinct “double-peak” feature, which is interpreted as light emission from laserinduced plasma. A model that includes linear and nonlinear absorption explains the experimental
data. Accordingly, the laser intensity used for processing polymers can be divided into three
regions, each with a dominant absorption channel. This study provides information for designing
and optimizing laser processing systems for polymers.
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CHAPTER 5: MECHANISMS OF ULTRAFAST LASER INTERACTION
WITH OPAQUE AND TRANSPARENT POLYPROPYLENE
5.1 Introduction
The interaction of intense ultrafast laser pulses with materials, including dielectrics (such
as polymers, glass, etc.), semiconductors, and metals leads to applications such as precision
micro/nano-processing [1-5]. Ultrafast laser pulses have the ability to confine energy deposition
in a small region, which offers precision, flexibility, and robustness in various types of laser
material processing including drilling [6], cutting [7], surface hardening [8], polishing [9,10],
cleaning [11] and micro/nano machining [12,13]. However, material processing with ultrafast laser
is complicated as various linear and nonlinear mechanisms are involved [14]. In terms of the
interaction between ultrashort laser pulses with matters, many challenging fundamental problems
remain unanswered [15,16]. Specifically, ultrafast laser processing of polymers with high
precision and control is still challenging due to the dynamic behavior of the interaction of ultrashort
pulses with polymers. Therefore, it is important to have a better understanding of the dynamics of
ultrafast laser interaction with different polymers to make ultrafast laser compatible with polymer
processing in science and industrial applications.
The dynamics of ultrafast laser interaction with polymeric material is intricate due to
different photo-physical, photo-thermal, photochemical, mechanical, and optical properties and
the effect of plasma plume for different polymers [17]. The dynamics of ultrafast laser-material
interaction depends on different laser parameters, such as pulse duration, laser wavelength,
intensity, temporal and spatial pulse shape, pulse repetition rate (PRR), ambient environment, and
material properties [18,19]. To understand the dynamic of the interaction of ultrafast laser pulses
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with polymers, researchers have focused on both experimental and theoretical studies to develop
ultrafast laser material processing for various applications [20-22]. The dynamics of ultrafast laser
interaction with polymers remains controversial among researchers in near-infrared wavelengths.
In addition, optical properties of the material such as reflectance, transmittance, and absorptance
become fluence (intensity) dependent for high pulse energies, and therefore these are crucial in
selecting laser processing parameters. In our previous study, the time-resolved single-shot
measurement was performed to determine the reflectance, transmittance, and absorptance in
ultrafast laser interaction with opaque polypropylene (PP), which contains a small amount of
several impurities such as Si, C, Li, Na, Al, K, and SiO2, for a wide range of laser pulse energy
[23]. Polypropylene has a wide range of applications including packaging for consumer products
(medical industry), plastic parts for various industries (including automotive industry), and special
devices like hinges, household products, battery cases, and fabrics [24]. However, the mechanism
of ultrafast laser processing is different for transparent and opaque PP, where opaque PP mostly
reflects and absorbs irradiated laser energy as opaque PP contains different pigments, which can
be organic or inorganic [25].
In this study, the dynamics behavior of ultrafast laser interaction with transparent and
opaque PP is observed experimentally by performing time-resolved measurement of optical
properties in ultrafast laser interaction with PP. The experiment is performed in a single-shot
configuration in near-infrared wavelength of ultrafast laser and an ellipsoidal mirror is used to
collect both specular and diffusive reflection. It is found that the mechanisms responsible for
processing transparent and opaque PP are distinct from each other, which are confirmed with
different experimental tests, and the experimental results are explained with a model that accounts
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for both linear and non-linear absorptions. This study will help to understand possible micro/nano
processing of polymers for both transparent and opaque PP with a near-infrared ultrafast laser.

5.2 Experimental design

Figure 5.1: Schematic for experimental set up for measuring optical properties of ultrafast
laser interaction with transparent material
In this study, a Yb: KGW (Pharos, Light Conversion) femtosecond laser is used, which
delivers ultrafast laser pulses of pulse duration 170 fs with the central wavelength of 1030 nm.
Single-shot measurements are performed to determine the reflectance, R, transmittance, T, and
absorptance, A, in the ultrafast laser interaction with white opaque PP sheet, which mostly reflects
and absorbs irradiated laser energy, and transparent PP sheet, which transmits most of the light,
when the laser intensity is low.
Fig. 5.1 shows an experimental setup for time-resolved measurements of R and T. In this
system, the diameter of the output femtosecond laser beam is 4 mm, which is enlarged to 10 mm
by a beam expander (a combination of negative (-) and positive (+) lenses) and a variable neutral
71

density (ND) filter is used to adjust pulse energy. The collimated laser beam is splitted in two
arms, where 6.5% of the beam is used as the reference arm to determine the incident laser pulse
energy, and the other arm is focused with a lens of 250 mm focal length. The diameter of the spot
size is measured to be 36.8 µm at 1/𝑒 2 -point. For data acquisition, three photodiodes (PD 1-3,
Thorlabs, FDS100) and a 1-GHz oscilloscope (Tektronics, MD03104) are used. A home-build
fixture is used to hold the sample, PD 3, and 0.5'' ND filter, where the PP sheet is placed on the
top of the fixture, and both ND and PD 3 are placed after the sample. An ellipsoidal reflector
(E180, Optiforms) is used to capture most of the reflected light (both specular and diffusive
reflections) from the sample [26, 27] and both specular and diffusive reflections are detected by
PD 2, which is located near the external (second) focal point of the ellipsoidal mirror. To reduce
the backscattering through the entrance hole of the ellipsoidal mirror, the surface of the normal of
the sample is tilted with an angle of 17° with respect to the laser beam. An ND filter is placed after
the sample to attenuate the transmitted light from the transparent PP sheet to avoid saturation in
PD 3. Detailed procedure on placing the sample at the first focus of the ellipsoidal mirror and
placing PD 2 on the second focus of the ellipsoidal mirror is discussed elsewhere [23]. A 3D stage
is used to move the sample to ensure a fresh surface for each laser shot. The fixture is attached to
the 3D stage from the back of the black fixture, which is shown in the inset of the Fig. 5.1.

5.3 Experimental Results to compare opaque and transparent PP
In this experiment, both opaque and transparent PP sheets are irradiated with a single-shot
femtosecond pulse with pulse duration 170 fs. Fig. 5.2 shows the laser damages on the front surface
of both opaque PP (top row) and transparent PP (bottom row). The top row of Fig. 5.2 shows
damages for opaque PP at fluences F= 0.19, 1.88, 7.52 and 11.3 J/cm2 for pictures A, B, C and D,

72

respectively, whereas the bottom row shows damages for transparent PP at F = 1.88, 4.70, 9.40
and 18.8 J/cm for damage A, B, C and D, respectively. Damage A in both cases corresponds to the
damage threshold fluence (Fth), which is much higher for transparent PP than opaque PP as most
of the light transmits through transparent PP. Damage B, C and D indicate that the damage size
changes with fluencies/intensities, where damage C and D in top row is found to be nearly the
same size. It is obvious from Fig. 5.2 that damage morphology in the opaque PP surface and the
transparent PP surface are different, which is discussed next.

Figure 5.2: Damage observed by scanning electronic microscopy (SEM) on the surface of
opaque (top row) and transparent (bottom row) PP sample with different fluences
It can be seen from Fig. 5.2 that craters are observed for opaque PP and dome-like
structures are observed for transparent PP. 2D profilometer (Dektak XT, Bruker) measurements
are performed to confirm the damage profile, which is shown in Fig. 5.3(a) for both opaque and
transparent case. The peak fluences used on opaque (top damage in Fig. 5.3(a)) and transparent PP
(bottom damage in Fig. 5.3(a)) are 9.40 J/cm2 and 6.58 J/cm2, respectively. The profilometer
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measurement shows that the depth of the damage in opaque PP is around 1.5 µm corresponding to
the fluence 9.4 J/cm2, where the height of the dome in transparent PP corresponding to the fluence
6.58 J/cm2 is 1.1 µm.
Ultrashort laser pulse irradiation leads to the instantaneous heating28,29 and expansion30,31
on the surface of the polymers. Micro/nano splashes have been observed on the surface of the PP
sample in Fig. 5.3(a) due to localized melting and explosive boiling. After thermalization of the
laser energy in the PP sample (on the ps time scale), a two-phase liquid-gas mixture develops,
which then undergoes hydrodynamics expansion, arising in material ejection and resolidification
on the ns time scale [28, 31, 32]. This creates micro/nano-void as well as dome-shaped swelling
[33-35]. The formation of voids near the surface of a transparent PP sample induced by single-shot
irradiation with femtosecond laser with duration 170 fs is confirmed with focused ion beam (FIB)
milling, which is shown in Fig. 5.3(b-d). The cross-sectional analysis of a transparent PP sample
with FIB milling (pulse energy 20 µJ) is shown in Fig. 5.3(c,d) to observe the formation of voids.
The diameter of these voids increases with the irradiated pulse energy and the diameter of these
voids is between 0.2 to 3 µm corresponding to the pulse energy from 12.5 µJ to 100 µJ. Fig. 5.3(d)
shows the central part of irradiated place on the surface of the sample, where the size of the voids
is larger and also the density of the voids is higher. It can be seen from the right side of Fig. 5.3
(c) that there is no void, where the surface of the sample is not irradiated with a laser pulse.
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Figure 5.3: (a) SEM images of the damage in opaque (top) and transparent (bottom)
surface, and its corresponding damage profile on the surface of the material. (b-d) Crosssectional analysis of transparent PP sample with FIB (focused ion beam) milling, which is
irradiated with pulse energy 20 µJ.
The experimental value of total reflectance (specular and diffusive) for transparent PP, 𝑅𝑡𝑟
and opaque PP, 𝑅𝑜𝑝 , the transmittance of transparent PP, 𝑇𝑡𝑟 and opaque PP, 𝑇𝑜𝑝 and the
absorptance of transparent PP, 𝐴𝑡𝑟 and opaque PP, 𝐴𝑜𝑝 are shown in Fig. 5.4. The transmittance
and reflectance are determined from the integrated areas at FWHM of the PD traces obtained from
the 1-GHz oscilloscope for reflected and transmitted light. The determination of transmittance and
reflectance is explained elsewhere [23]. Absorptance of the material for a wide range of the peak
fluence is calculated as 𝐴 = 1 − 𝑇 − 𝑅. Fig. 5.4 shows that both reflectance, 𝑅𝑡𝑟 and 𝑅𝑜𝑝 remain
constant at around 0.6 and 0.044, respectively, as the material surface does not undergo any change
until F = 0.19 J/cm2 and 1.88 J/cm2 (which are shown in Fig. 5.3, first damage picture in top and
bottom row) for opaque and transparent PP, respectively. The peak fluence of the damage threshold
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for transparent PP is much higher than the opaque PP as most of the light transmits through the
sample for transparent PP. Similarly, the transmittance and the absorptance remain constant until
the damage threshold peak fluence is reached. This constant region is defined as a “linear
absorption region”. However, the reflectance and transmittance start to drop due to the non-linear
absorption mechanisms as the peak fluence increases, which is explained more details in the next
section. However, the reflectance and transmittance show very random behavior at very high
fluence F > 10 J/cm2, and absorptance can be seen to decrease with increasing fluence. Note that
the maximum fluence used in this study for opaque and transparent PP sample are 15.04 and 18.8
J/cm2, respectively.

Figure 5.4: Reflectance, transmittance, and absorptance for transparent PP sample
are𝑅𝑡𝑟 , 𝑇𝑡𝑟 , and 𝐴𝑡𝑟 , respectively and 𝑅𝑜𝑝 , 𝑇𝑜𝑝 , and 𝐴𝑜𝑝 for opaque PP, respectively, as
functions of laser fluence and intensity
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5.4 Model and discussion
To make ultrafast lasers compatible with polymer processing, it is required to understand the
dynamic behavior of ultrashort pulse with a polymeric material and relative significance of
different linear and nonlinear absorption processes. However, the fundamental understanding of
ultrafast laser interaction with polymers in near-infrared (NIR) wavelength is still lacking. The
absorption mechanism of ultrashort laser pulses during polymer processing with NIR wavelength
is both linear (single-photon) and nonlinear (multi-photon) processing [23,36] due to vibrational
overtone or combination absorption [37]. The equation, which describes the attenuation of the
ultrafast laser pulse 𝐼(𝑟, 𝑧, 𝑡) passing through the material undergoing single-photon, two-photon
or two – steps or three-photon or three-steps absorption is given by

𝑑𝐼(𝑟𝑖 , 𝑧𝑖 , 𝑡)
= −𝛼1 𝐼(𝑟𝑖 , 𝑧𝑖 , 𝑡) − 𝛼2 𝐼 2 (𝑟𝑖 , 𝑧𝑖 , 𝑡) − 𝛼3 𝐼 3 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
𝑑𝑧𝑖
(5.1)
Where 𝛼1 , 𝛼2 and 𝛼3 are the linear, two-photon, or two-steps nonlinear and three-photon or threesteps nonlinear absorption coefficient, respectively. Fig. 5.5 shows the multiple reflections of
initial incoming intensity, 𝐼𝑂𝐼 (𝑟, 0, 𝑡) at different surfaces, where
2𝑟2

𝐼𝑂𝐼 ( 𝑟, 0, 𝑡) = 𝐼𝑜 𝑒

− 2
𝜔

𝑜

𝑡2

𝑒

−4𝑙𝑛2 2
𝑡

𝑜𝑛

(5.2)

Where 𝜔𝑜 and 𝑡𝑜𝑛 are the radius of the spot size at the focus and the duration of the femtosecond
laser pulse, respectively.
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Figure 5.5: The multipole reflection is considered as an inclined laser beam that is
irradiated on the sample.
The analytical solution of the above differential equation after passing through the material
can be expressed as
𝐼𝑖𝐼 (𝑟𝑖 , 𝑧𝑖 , 𝑡) =

1

(𝑄𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) +
3𝑎 (𝑟 ,𝑧 ,𝑡)
𝑖

𝑖 𝑖

∆𝑜𝑖 (𝑟𝑖 ,𝑧𝑖 ,𝑡)
𝑄𝑖 (𝑟𝑖 ,𝑧𝑖 ,𝑡)

− 𝑏𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡))

(5.3)

where 𝐼𝑖𝐼 (𝑟𝑖 , 𝐿𝑖 , 𝑡) is the incident intensity at the different interfaces except for the first incident
point. All the variables in the above equation are defined in appendix 5.8.
The total transmitted intensity at the exit side of the sample is given by
𝐼𝑇 (𝑟, 𝑧, 𝑡) = ∑∞
𝑚=0 𝐼(2𝑚+1)𝑇 (𝑟(2𝑚+1) , 𝐿(2𝑚+1) , 𝑡)
Here, the transmitted light at each of the points are 𝐼𝑖𝑇 (𝑟𝑖 , 𝐿𝑖 , 𝑡).
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(5.4)

The transmittance, T of the ultrafast laser pulse through the PP sample can be found from
the above solution in Eq. (5.1), which can be expressed in term of output pulse energy, Eout and
input pulse energy, Ein as below:

𝐸𝑜𝑢𝑡 2𝜋 ∞ 𝑡𝑜𝑛
𝑇=
=
∫ ∫ 𝐼 (𝑟, 𝑧, 𝑡)𝑟𝑑𝑟𝑑𝑡
𝐸𝑖𝑛
𝐸𝑖𝑛 0 −𝑡𝑜𝑛 𝑇
(5.5)
Fig. 5.6 shows the experimental results which are fitted with theoretical calculation, where
transmittance, as well as absorptance, can be divided into three regions (Region I, Region II and
Region III) of peak fluence or peak intensity. Here, Region I represents the linear absorption
region, where transmittance remains nearly constant up to the damage threshold peak fluence, F,
which are 0.15 J/cm2 and 0.94 J/cm2 for opaque and transparent PP, respectively. After the damage
threshold peak fluence, transmittance decrease as peak fluence increases, which is shown in Fig.
5.5 and region II for both opaque and transparent PP cases. The decrease in transmittance as peak
fluence increases is indicative of nonlinear interaction of PP samples and ultrafast laser pulses.
Experimental results in region III are mostly random, which is not dependent on peak fluence or
peak intensity.
Fig. 5.7 shows the absorption spectrum of transparent PP sample, which indicates
vibrational overtone/combination non-resonant absorption at 1030 nm and 515 nm, respectively,
and resonant absorption peak around 353 nm and 373 nm which suggests nonlinear absorption in
Region II [23,37].
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Figure 5.6: (a) Fitting of the experimental results for opaque PP sample and transparent PP
sample. The laser intensity used in this experiment can be divided into three regions
(Region I, II, and III).
The absorption coefficient for single-photon (linear), two-steps, or two-photon (nonlinear)
and three-steps or three-photon (nonlinear) is determined from the fitting of experimental data with
numerical values of Eq. (5.5). The linear absorption coefficient 𝛼1 are found to be 𝛼1 =(110.85 ±
3) m-1, which agrees with the experimental value for the thickness of the transparent sample, 𝐿 =
450 µm. The nonlinear absorption coefficient for two-steps or two-photon and three-steps and
three-photon are found to be 𝛼2 = (7.14 ± 2.09)×10-13 mW-1 and 𝛼3 = (3.31 ± 1.5)×10-29 m3W-2,
respectively, for transparent PP. The nonlinear refractive indexes are determined from the fitting
are 𝑛2 = (3.32 ± 1.11) ×10-20 m2W-1, and 𝑛3 = (2.69 ± 0.36) ×10-37 m4W-2, where the linear refractive
index is 1.49. Determining the absorption coefficients and nonlinear refractive indexes will be
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discussed in detail in Chapter 6 and Chapter 7. The absorption coefficients and nonlinear refractive
indexes are consistent with previously found values for polymers [38, 39]. Similarly, the linear
(single-photon) and two-steps or two-photon absorption coefficient for opaque PP are found to
be 𝛼1 =5269 m-1 and 𝛼2 = 1.391×10-13 mW-1. The absorption spectrum for opaque PP sample can
be found in our publication [23], where the peaks at 1030 nm indicate the vibrational overtone or
combination absorption of the incident laser photons and the peak at 515 nm provides a mechanism
for two-step or two-photon overtone or combination absorption.

Figure 5.7: Absorptance, A, of transparent PP sample is determined from the transmittance,
T, and the specular reflectance measurement, Rs, by using linear spectroscopic
measurement.

81

5.5 Self-phase modulation (SPM) responsible for wavelength shift
When a high-intensity laser pulse propagates through a nonlinear medium, an ultrashort
pulse accumulates the temporal phase as it propagates, which is known as self-phase modulation
(SPM), which is a nonlinear phenomenon due to nonlinear refractive index change inside the
medium. The theoretical framework of the self-phase modulation effect can be described by the
time-dependent angular frequency, 𝜔(𝑡) is defined as

𝜔(𝑡) =

𝑑𝜑(𝑡)
𝑑𝑡

(5.6)
where the temporal phase, 𝜑(𝑡) = 𝜔𝑜 𝑡 − 𝑘𝑜 𝑛(𝑡)𝑧 and n(t) is the time nonlinear refractive index
which can be defined as below
𝑛(𝑡) = 𝑛1 + ∆𝑛 = 𝑛1 + 𝑛2 𝐼(𝑡) + 𝑛2 𝐼2 (𝑡)

Substituting 𝑛(𝑡) and 𝜑(𝑡) into equation (1)

𝜔(𝑡) = 𝜔𝑜 −

2𝜋
𝑑𝐼(𝑡) 4𝜋
𝑑𝐼(𝑡)
𝑛2 𝑧
−
𝑛3 𝑧𝐼(𝑡)
𝜆𝑜
𝑑𝑡
𝜆𝑜
𝑑𝑡

(5.7)
2𝜋𝑐

where 𝜔(𝑡) = 𝜆(𝑡) and 𝜆(𝑡) is the instantaneous wavelength. After solving 𝜆(𝑡) from the above
equation (2), 𝜆(𝑡) express can be written as

𝜆(𝑡) =

𝜆𝑜
𝑛 𝑧 𝑑𝐼(𝑡) 2𝑛3 𝑧𝐼(𝑡) 𝑑𝐼(𝑡)
1 − 𝑐2
−
𝑐
𝑑𝑡
𝑑𝑡

(5.8)
where

𝑑𝐼(𝑡)
𝑑𝑡

is the slope of the temporal laser pulse.
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Figure 5.8: Schematic of the temporal Gaussian pulse
Therefore, the wavelength shifting due to high-intensity laser pulse can be written as below
𝑑𝐼(𝑡)
𝑑𝐼(𝑡)
+ 2𝑛3 𝐼(𝑡)
𝑑𝑡
𝑑𝑡 )
𝜆(𝑡) − 𝜆𝑜 = 𝜆𝑜 (
𝑑𝐼(𝑡)
𝑐
𝑑𝐼(𝑡)
𝑧 − 𝑛2 𝑑𝑡 − 2𝑛3 𝐼(𝑡) 𝑑𝑡
𝑛2

(5.9)
The above equation (4) can be used to calculate wavelength shif during the ultrafast laser
interaction with polypropylene for different peak intensities at different depths inside the sample.
The fundamental wavelength used in this study is 1030 nm, so the third-harmonic of the
fundamental wavelength could be around 343 nm. However, the absorption peak from linear
spectroscopic measurement is found to be at 353 nm and 373 nm. Fig. 5.9 shows the wavelength
shift due to the slope of the temporal pulse at different times, 𝑡 = −

𝑡𝑜𝑛
2

, 𝑡 = 0 , and 𝑡 = −

𝑡𝑜𝑛
2

.

The maximum wavelength shift corresponding to the maximum peak intensity 1061 PW/m 2 is
found to be around ± 30 nm, which covers both peaks at 353 nm and 373 nm. Therefore, threesteps or three-photon absorption are suggested to have happened through vibrational overtone
absorption mechanism by shifting wavelength at a very high intensity of the laser beam.
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Figure 5.9: The wavelength shifting with various intensity at different slope values of the
intense temporal pulse.

5.6 Summary
In summary, time-resolved measurements of optical properties, i.e. reflectance,
transmittance, and absorptance, are performed for a wide range of intensities to understand the
dynamics of the ultrafast laser interaction with transparent and opaque PP. We observe micro/nano
voids formation under the surface of the sample when ultrafast laser pulses are irradiated on
transparent PP, which leads to the formation of swelling at the irradiated surface. The experimental
results are explained with a model that accounts for both linear and nonlinear absorption and
nonlinear absorption coefficients are estimated from this model. This study provides information
that will help to understand possible micro/nano processing of polymeric material with an ultrafast
laser.
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5.8 Appendix
The differential equation (5.1) can be written as below
𝑑𝐼(𝑟𝑖 , 𝑧𝑖 , 𝑡)
= −𝛼1 𝐼(𝑟𝑖 , 𝑧𝑖 , 𝑡) − 𝛼2 𝐼 2 (𝑟𝑖 , 𝑧𝑖 , 𝑡) − 𝛼3 𝐼 3 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
𝑑𝑧𝑖
(5.10)
After performing integration, Eq. (5.10) can be written as a general cubic equation as below
𝑎𝑖 𝐼 3 (𝑟𝑖 , 𝑧𝑖 , 𝑡) + 𝑏𝑖 𝐼 2 (𝑟𝑖 , 𝑧𝑖 , 𝑡) + 𝑐𝑖 𝐼(𝑟𝑖 , 𝑧𝑖 , 𝑡) + 𝑑𝑖 = 0

(5. 11)

Where 𝑎𝑖 , 𝑏𝑖 and 𝑐𝑖 can be expressed as below

𝑎𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) =

2𝛼3 2𝛼32
− 2 𝑘𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
𝛼1
𝛼1

𝛼2 𝛼3 𝛼3 𝑀
𝑏𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) = 𝑁 − ( 2 +
) 𝑘𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
𝛼1
𝛼1
𝑐𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) = − (

2𝛼3 𝛼2 𝑀
+
) 𝑘𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
𝛼1
𝛼1

𝑑𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) = −𝑀𝑘𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
Here, M, N, and k are

𝑀=

𝛼2 𝛼2
4𝛼1 𝛼3
− √1 −
𝛼1 𝛼1
𝛼12

𝑀=

𝛼2 𝛼2
4𝛼1 𝛼3
+ √1 −
𝛼1 𝛼1
𝛼12
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(5. 12)

𝑘𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)

=

2𝛼
( 𝛼 3 𝐼 3 (𝑟𝑖 , 𝑧𝑖 , 𝑡) + 𝑁𝐼 2 (𝑟𝑖 , 𝑧𝑖 , 𝑡)) 𝑒 −2𝛼1 𝑧𝑖
1

2𝛼32 3
2𝛼3
2𝛼3 𝛼2 2
𝛼 𝑀
𝛼 𝑀
(𝑟
(𝑟𝑖 , 𝑧𝑖 , 𝑡) + 2 𝐼(𝑟𝑖 , 𝑧𝑖 , 𝑡) + 3 𝐼 2 ((𝑟𝑖 , 𝑧𝑖 , 𝑡)
𝐼(𝑟
,
𝑧
,
𝑡)
+
𝐼
,
𝑧
,
𝑡)
+
𝐼
𝑖
𝑖
𝑖
𝑖
2
2
𝛼1
𝛼1
𝛼1
𝛼1
𝛼1
(5. 13)
Therefore, the solution of the above equation (5.1 A) can be expressed for the incoming

beam at every interface except the first incident point as

𝐼𝑖𝐼 (𝑟𝑖 , 𝐿𝑖 , 𝑡) =

1
∆𝑜𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
(𝑄𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) +
− 𝑏𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡))
3𝑎𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
𝑄𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
(5. 14)

The other two roots of the cubic equation are ignored in this study as it is not applicable for our
case. Here, 𝑄𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) and ∆𝑜𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) in the above eq. (5.5 A) can be expressed as below

3

3

2

√√∆1𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) − 4∆𝑜𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) − ∆1𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
𝑄𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) =
2
∆𝑜𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) = 𝑏𝑖2 (𝑟𝑖 , 𝑧𝑖 , 𝑡) − 3𝑎𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)𝑐𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
∆1𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) = 2𝑏𝑖2 (𝑟𝑖 , 𝑧𝑖 , 𝑡) − 9𝑎𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) + 27𝑎𝑖2 (𝑟𝑖 , 𝑧𝑖 , 𝑡)𝑑𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
(5. 15)
The total transmitted intensity at the exit side of the sample is given by
∞

𝐼𝑇 (𝑟, 𝑧, 𝑡) = ∑ 𝐼(2𝑚+1)𝑇 (𝑟(2𝑚+1) , 𝐿(2𝑚+1) , 𝑡)
𝑚=0
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(5. 16)
The total reflected light intensity at the exit side of the sample is given by
∞

𝐼𝑅 (𝑟, 𝑧, 𝑡) = 𝐼𝑂𝑅 (𝑟, 0, 𝑡) + ∑ 𝐼(2𝑚)𝑇 (𝑟(2𝑚) , 𝐿(2𝑚) , 𝑡)
𝑚=1

(5. 17)
Here, the transmitted intensity at each of the points are 𝐼𝑖𝑇 (𝑟𝑖 , 𝐿𝑖 , 𝑡) are related to 𝐼𝑖𝐼 (𝑟𝑖 , 𝐿𝑖 , 𝑡) as
𝐼𝑖𝑇 (𝑟𝑖 , 𝐿𝑖 , 𝑡) = 𝑇𝑖𝑒 (𝐼𝑖𝐼 )𝐼𝑖𝐼 (𝑟𝑖 , 𝐿𝑖 , 𝑡)
𝐼0𝑇 (𝑟, 0, 𝑡) = 𝑇0𝐼 (𝐼0𝐼 )𝐼0𝐼 (𝑟, 0, 𝑡)
(5. 18)
Here, 𝑇𝑂𝐼 (𝐼𝑂𝐼 ) and 𝑇𝑖𝑒 (𝐼𝑖𝐼 ) are the transmission coefficients at the first incoming point and all
others that can be expressed as
2
4(𝑛1 + 𝑛2 𝐼𝑜𝐼 + 𝑛3 𝐼𝑂𝐼
)
𝑇𝑂𝐼 (𝐼0𝐼 ) =
2 2
((𝑛1 + 𝑛2 𝐼𝑜𝐼 + 𝑛3 𝐼𝑂𝐼
) + 1)2 + 𝜅 2

𝑇𝑖𝑒 (𝐼𝑖𝐼 ) =

4(𝑛1 + 𝑛2 𝐼𝑖𝐼 + 𝑛3 𝐼𝑖𝐼2 )
((𝑛1 + 𝑛2 𝐼𝑖𝐼 + 𝑛3 𝐼𝑖𝐼2 )2 + 1)2 + 𝜅 2

𝜆(𝛼1 + 𝛼2 𝐼𝑖𝐼 + 𝛼3 𝐼𝑖𝐼2 )
𝜅=
4𝜋
(5. 19)
Where, 𝑛1 , 𝑛2 , and 𝑛3 are the real part of the linear, nonlinear third-order and nonlinear fifthorder refractive index, respectively, and 𝜅 is the imaginary part of the nonlinear refractive index.
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Here, the reflected light at each of the points are 𝐼𝑖𝑅 (𝑟𝑖 , 𝐿𝑖 , 𝑡) are related to 𝐼𝑖𝐼 (𝑟𝑖 , 𝐿𝑖 , 𝑡) as
𝐼𝑖𝑅 (𝑟𝑖 , 𝐿𝑖 , 𝑡) = 𝑅𝑖𝑒 (𝐼𝑖𝐼 )𝐼𝑖𝐼 (𝑟𝑖 , 𝐿𝑖 , 𝑡)
𝐼0𝑅 (𝑟, 0, 𝑡) = 𝑅0𝐼 (𝐼0𝐼 )𝐼0𝐼 (𝑟, 0, 𝑡)
(5. 20)
Here, 𝑅𝑂𝐼 (𝐼𝑂𝐼 ) and

𝑅𝑖𝑒 (𝐼𝑖𝐼 ) are the transmission coefficient at the first incoming point and all

others that can be expressed as
2 2
((𝑛1 + 𝑛2 𝐼𝑜𝐼 + 𝑛3 𝐼𝑂𝐼
) − 1)2 + 𝜅 2
𝑅𝑂𝐼 (𝐼0𝐼 ) =
2 2
((𝑛1 + 𝑛2 𝐼𝑜𝐼 + 𝑛3 𝐼𝑂𝐼
) + 1)2 + 𝜅 2

𝑅𝑖𝑒 (𝐼𝑖𝑒 ) =

((𝑛1 + 𝑛2 𝐼𝑖𝐼 + 𝑛3 𝐼𝑖𝐼2 )2 − 1)2 + 𝜅 2
((𝑛1 + 𝑛2 𝐼𝑖𝐼 + 𝑛3 𝐼𝑖𝐼2 )2 + 1)2 + 𝜅 2
(5. 21)
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CHAPTER 6: PULSE-TO-PULSE EVALUATION OF OPTICAL
PROPERTIES IN ULTRAFAST LASER PROCESSING OF
POLYPROPYLENE
6.2 Introduction
Recent advances in ultrafast laser technology facilitate researchers to focus on
understanding the physical process of ultrashort pulse interaction with materials and its
applications for high-precision material processing in scientific and industrial applications [1-3].
Ultrafast lasers have been used in various types of material processing including laser cutting [4],
drilling [5], polishing [6], cleaning [7], and micro/nano machining [8]. Ultrafast lasers produce
minimal thermal damage to the material, which makes these lasers attractive for processing
polymeric materials, which typically have a low melting temperature [9]. The interest of the
ultrafast laser micro-processing of polymeric materials remains strong due to the high demand for
using these materials in scientific and industrial applications [10-14]. However, material
processing with ultrafast laser is quite complicated due to the dynamic behavior of laser-matter
interaction, and there are pulse-to-pulse variations of the interaction mechanism. Therefore,
ultrafast laser micro-processing of polymeric materials with high precision and control is still
challenging [15, 16].
Laser processing with multiple ultrafast laser pulses has been already discussed in various
articles [17-20]. Baset et al. [20] observed the morphological evolution and dynamics of
femtosecond laser ablation of bulk polymethylmethacrylate (PMMA) irradiated with a pair of
pulses with experimental and numerical studies. Hu et al. [21] showed that a second delayed pulse
causes an increase in the ion emission from Si and enhanced absorption of the second pulse was
suggested as the reason for increased ion emission. Researchers also found that the material
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response and the ablation process have a significant dependence on the delay between the pulses
[22]. Most of the studies were performed with metals and dielectrics by using the pump-probe
technique. For polymers, the understanding of fundamental mechanisms involved is still lacking,
especially in the near-infrared (NIR) wavelength. In addition, determining pulse-to-pulse
interaction mechanisms, especially optical properties such as reflectance, transmittance, and
absorption, is crucial for selecting laser-processing parameters to maximize energy efficiency for
industrial applications.
In this study, the pulse-to-pulse evolution of optical properties, such as reflectance,
transmittance, and absorptance, is determined by performing time-resolved measurements in
ultrafast laser interaction with polypropylene. The time-resolved measurement is performed by
using an ellipsoidal mirror-based system, which can collect both specular and diffusive reflection
from the irradiated sample. The measurements are carried out for each of the pulses in a doublepulse configuration for a wide range of fluence and the measurement of optical properties is
compared with observed damage morphology. The absorption is explained with a model that
includes both linear and nonlinear mechanisms.

6.2 Experimental setup
The experimental setup is shown in Fig. 6. 1. A Yb: KGW (Yb-doped potassium
gadolinium tungstate) femtosecond laser from Light Conversion at a central wavelength of 1030
nm is used as the laser source. It delivers 170 fs to 10 ps ultrashort pulses with the maximum pulse
energy of 1 mJ and repetition rate tunable from a single pulse to 1 MHz. The output beam with a
diameter of 4 mm is expanded by a beam expander to 10 mm in diameter and the laser power is
controlled with a variable neutral density (ND) filter. The laser beam is split into two arms, one as
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the reference arm, which has 6.5% of the incident light and is used to determine the incident laser
pulse energy, and the other as the source arm, which is focused onto the sample with a lens with
250 mm focal length. The diameter of the spot size is measured to be 36.8 µm at the 1/𝑒 2 -point.

Figure 6.1: Experimental set up for measuring the optical properties of ultrafast laser
interaction with transparent PP
A 1-GHz oscilloscope (Tektronics, MD03104), which is not shown in Fig. 6.1, and three
photodiodes (PD 1-3, Thorlabs, FDS100) are used for data acquisition. Commercially available
transparent PP sheets (PP301440, Goodfellow) of thickness 450 µm are used in this experiment as
samples, which are placed on the top of a fixture (Fig. 6.1 inset) and are close to the 1st focus of
an ellipsoidal mirror. An ND filter with a diameter of 12.5 mm and PD 3 is placed in the fixture.
To capture the reflected light (both specular and diffusive reflection) from the sample[23,24], an
ellipsoidal mirror (E180, Optiforms) is used, and the reflected light is detected by PD 2 at the 2nd
focus of the ellipsoidal mirror. The procedure to place PD 2 at the second focus of the ellipsoidal
mirror has been discussed elsewhere [25]. To ensure a fresh surface for each laser shot, a 3D stage
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is used to move the sample for irradiating with different pulse energies. The sample is irradiated
with a total of two pulses and time-resolved optical properties, such as reflectance and
transmittance, are measured experimentally. PD 2 is used to measure the reflectance light and PD
3 is used for the transmittance light. Fig. 6.1 also shows the damage profile for single pulse damage
at the upper left and double-pulse damage in the upper right. As well be discussed next, a single
pulse creates swelling and the double pulses create a crater.

6.3 Effect of 1st pulse and 2nd pulse during ultrafast interaction
To understand the pulse to pulse evolution of optical properties such as reflectance,
transmittance, and absorptance of polymeric material, i.e. PP, the time-resolved measurements are
performed for a wide range of peak fluences, which covers below the threshold and above
threshold fluence. The sample is irradiated with a pair of identical pulses, where each of the pulse
duration is 170 fs and the delay between two pulses is 1 ms. Both pulses are focused at the same
spot of the sample and the surface of the normal of the sample is tilted with an incident angle 17°
to reduce the backscattering through the entrance hole of the ellipsoidal mirror.
Fig. 6. 2 shows the damage on the surface of the transparent PP sample and corresponding
damage profiles for both a single pulse and a pair of pulses. The left side of Fig. 6. 2 shows
damages, which are irradiated with a single pulse, where damages A, B, C, and D are irradiated
with the pulse energies of 20, 30, 50 and 100 µJ, respectively, that correspond to the peak fluences
of 3.76, 5.64, 9.4, and 18.8 J/cm2, respectively. The 2D profilometer (Dektak, Bruker)
measurements are performed to confirm the damage profiles, which are shown next to the SEM
(scanning electronic microscopy) image of damage profile. It is obvious from both SEM image
and profilometer measurements that single-pulse irradiation with fluence 3.76, 5.64, 9.4, and 18.8
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J/cm2 creates dome-like swelling on the surface of the transparent PP sample. The maximum height
of the dome is around 1.75 µm from the profilometer measurements.

Figure 6.2: Damage A, B, C, and D (scanning electronic microscopy (SEM) images at the
left) are irradiated with single pulse and damages E, F, G, and H (SEM images at the left)
are irradiated with a pair of the identical pulse. The damage profiles are shown beside each
of the damages.
Similarly, the right-hand side of Fig. 6.2 shows the damage with the double-pulse
irradiation at the surface of the sample, where damages marked as E, F, G, and H are irradiated
with fluences 3.76, 5.64, 9.4, and 18.8 J/cm2 for each of the pulses, which are the same fluences
used for single pulse irradiation. The profilometer measurements are shown next to the damages.

96

For the double-pulse case, craters are observed at the surface of the sample and the maximum
depth of the crater is found to be 5.7 µm, which is significantly different morphology than single
pulse irradiation. It is found in this study that single-pulse irradiation creates void below the surface
of the sample, which is shown and confirmed in Fig. 6.3.
Fig. 6. 3 shows the evidence of void formation near to the surface of the transparent sample
induced by the single pulse irradiation of femtosecond laser with pulse duration 170 fs. The crosssectional analysis of the irradiated sample is performed with focused ion beam (FIB) milling,
where the sample is irradiated with a pulse energy of 80 µJ. The inset (a) in Fig. 6. 3 shows the
center part of the irradiated place, where the formation of the voids is denser than the side as the
intensity of the laser is higher at the center. The diameter of the voids is found to be increasing
with pulse energy and the diameter of the voids is found to be 0.2 to 3 µm corresponding to the
pulse energy 12.5 µJ to 100 µJ. The inset (b) in Fig. 6. 3 shows the distinction between irradiated
place at the surface, where the void formation is found near to the surface, while on the surface
which receives no direct laser irradiation, no void is observed. Instantaneous heating [26, 27] and
expansion [28, 29] occur due to the ultrashort pulse irradiation on the surface of the polymeric
material. Micro/nano splashes are observed at the surface of the sample due to the localized melting
and explosive boiling and a two-phase liquid-gas mixture develops after thermalization of the laser
pulse in the polymeric sample in the ps time scale. Then material ejection takes place in the ns
time scale [29, 30] due to hydrodynamics expansion, which is the reason responsible for the
formation of micro/nano voids as well as dome-shaped swelling [31].
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Figure 6.3: Cross-sectional analysis of transparent PP sample with Focused Ion Beam (FIB)
milling, which is irradiated at pulse energy 80 µJ
Fig. 6. 5 shows the total reflectance (specular and diffusive), R, transmittance, T, and
absorptance, A, as a function of peak fluence for 1st pulse and 2nd pulse in multiple pulse cases
with the delay 1 ms. To determine R and T, an integrated area at FWHM of the oscilloscope traces
for PDs signal for reflection and transmission are used with proper scaling based on the ND
attenuation and more discussion on determining R, T and A can be found elsewhere [25]. In this
study, it is observed that the threshold peak fluence for surface damage of the transparent PP
sample is 0.94 J/cm2 with single pulse irradiation. The material surface doesn’t undergo any
surface modification < 0.94 J/cm2. Therefore, the reflectance and transmittance remain constant
up to the peak fluence 0.94 J/cm2 for the first pulse in case of multi-pulse irradiation. Therefore,
this constant peak fluence/intensity region is defined as a “ linear absorption region” for single98

pulse absorption. Similarly, the absorptance remains constant for the peak fluence < 0.94 J/cm2 as
it is determined from the reflectance and transmittance, 𝐴 = 1 − 𝑅 − 𝑇. The transmittance and
reflectance start to drop after the peak fluence reaches the threshold peak fluence due to the
nonlinear absorption with high intensity, which will be discussed in the next section.

Figure 6.4: Surface damage with a single pulse (top) and double pulse (bottom) with
different peak fluences
However, it can be seen from Fig. 6. 4 that 2nd irradiated pulse is not behaving exactly the
same as 1st irradiated pulse due to modification formed on the surface and as well as inside the
sample. The reflectance for 1st pulse and 2nd pulse look quite similar except at very high peak
fluences, where the surface roughness has been changed, which can be seen from Fig. 6.4 and Fig.
6.2. As the sample in this study is a transparent material, which means most of the light is
transmitted at low energy, the dominant factor that contributes to absorptance is transmittance.
It can be seen from Fig. 6.5 that the transmittance for 1st pulse and 2nd pulse is mostly
distinct from each other. The formation of micro/nano voids with 1st pulse is suggested to be the
reason for changed transmission inside the material for 2nd pulse. For low pulse energy, the size of
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the voids is smaller inside the material, therefore transmitted light diffracted more inside the
material, and transmission gets lower for 2nd pulse. However, the diameter of the voids increases
with pulse energy, and more hollow regions are formed inside the material, which allows for
transmitting more light for the higher fluence case of 2nd lase pulse.

Figure 6.5: Reflectance (R), transmittance (T), and absorptance (A) as a function of peak
fluence for 1st pulse (circular data point) and 2nd pulse (star data points) in double pulse
case with the delay 1 ms.

6.4 Theoretical Analysis
Ultrafast lasers have been used for various high precision polymer processing, but several
fundamental questions, are still not clear. Therefore, it is required to understand those fundamental
questions including the relative significance of different linear and nonlinear absorption regimes
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and interaction mechanisms with different kinds of materials for high precision material
processing. For polymeric materials, which have a wide bandgap, the absorption mechanism has
the contribution of both linear (single-photon) and nonlinear (multi-photon) processes [25, 32].
However, the absorption mechanism for polymer processing with NIR wavelength due to
vibrational overtone or combination absorption [33]. The equation that describes the attenuation
of the spatial and radial intensity, 𝐼(𝑟, 𝑧, 𝑡) of the ultrafast laser, which is passing through the
material undergoing single-photon, two-photon or two-steps or three-photon or three-steps
absorption is given by

dI (r , z, t )
 1I (r , z, t )   2 I 2 (r , z, t )  3 I 3 (r , z, t )
dz
(6.1)
where 𝛼1 , 𝛼2 and 𝛼3 are linear and nonlinear absorption coefficient for single-photon
(linear), two-photon or two-steps (nonlinear) and three-photon or three-steps (nonlinear),
respectively. Equation (6.1) enables to calculate nonlinear effects (e.g. the second and third-order)
due to propagation of ultrafast pulse in dielectric and non-magnetic medium, and this
approximation may no longer be valid in the case of higher-order nonlinear effects. Compared to
the Maxwell equation, Equation (6.1) is easy and straightforward to apply to calculate intensity
distribution inside the medium. The analytical solution of the above differential equation (6.1) can
be express in compact form as below

I (r , z, t ) 


o
1 
Q


b


3a 
Q


The variables which are used in the above eq. (2) are defined in the previous chapter.
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(6.2)

The transmittance, T of the ultrafast laser, which is passing through the PP sample can be expressed
in terms of the above solution in eq. (6.1) as below

Eout 2 (1  Re )  ton
T

r 0 ton I (r, z, t )rdrdt
Ein
Ein
(6.3)
where Re is the reflectance of the laser pulse at the exit of the sample.

Figure 6.6: Fitting of the experimental results of 167 fs for transparent PP sample. The laser
intensity used in this experiment can be divided into three regions (Region I, II, and III)
Fig. 6.6 shows the experimental results of transmittance fitted with theoretical calculation,
where the transmittance is divided into three fluence/ intensity regions. Region I represents linear
absorption region and Region II and III represent the nonlinear region as defined in the above
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section. It can be seen that the transmittance remains constant until the fluence/intensity reaches
to the damage threshold peak fluence/intensity, where the damage threshold peak fluence is found
to be 0.94 J/cm2. The transmittance starts to decrease after the damage threshold peak fluence as
shown in Fig. 6.5, which indicates nonlinear absorption. The transmission keeps decreasing until
the peak fluence reaches 10 J/cm2. Note that the absorptance of the sample increases in Region II
as the transmittance decreases.
In this study, the linear and nonlinear absorption coefficients are determined from the
fitting results of the experimental data with the theoretical calculation of Eq. (6.3) for different
pulse durations, i.e. 167 fs, 371 fs, and 1000 fs, which is shown in fig. 6.6 (b). The average value
of the linear (single-photon) absorption coefficient is found to be 𝛼1 = (110.85 ± 3) m-1, which
agrees with the experimental value determined from the linear spectroscopic measurement for the
thickness of the transparent sample, 𝐿 = 450 µm. The linear refractive index of this transparent
polypropylene sample is 1.49. Determination of the absorption coefficients and nonlinear
refractive index will be discussed in more detail in the next chapter.
The average value of nonlinear absorption coefficient for two-photon or two-steps
absorption and the three-photon or three steps are found to be 𝛼2 = (8.01 ± 2.15)×10-13 mW-1 and
𝛼3 = (3.21± 1.0) ×10-29 m3W-2, respectively from the fitting result, those values are consistent with
the previously reported value for the polymeric materials [34,35]. The average value of nonlinear
refractive indexes are found to be 𝑛2 = (3.22 ± 1.15) ×10-20 m2W-1 and 𝑛3 = (2.64 ± 1) ×10-37 m4W2

. This study suggests that the non-resonant vibrational overtone or combination absorption

happened at 1030 nm and 515 nm, and resonant overtone or combination happened at 353 nm,
which is shown in Fig. 6.7. The fundamental wavelength used in this study is 1030 nm, and
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therefore, the third-harmonic of the fundamental wavelength could be around 343 nm. However,
the absorption peak from linear spectroscopic measurement is found to be at 353 nm and 373 nm.
When a high-intensity laser pulse propagates through a nonlinear medium, an ultrashort
pulse accumulates the temporal phase as it propagates, which is known as self-phase modulation
(SPM), which is a nonlinear phenomenon due to nonlinear refractive index change inside the
medium [36, 37] which is discussed in section 5.6. Therefore, the wavelength shift due to SPM
phenomena can be written as below
𝑑𝐼(𝑡)
𝑑𝐼(𝑡)
+ 2𝑛3 𝐼(𝑡)
𝑑𝑡
𝑑𝑡 )
𝜆(𝑡) − 𝜆𝑜 = 𝜆𝑜 (
𝑑𝐼(𝑡)
𝑐
𝑑𝐼(𝑡)
−
𝑛
−
2𝑛
𝐼(𝑡)
2
3
𝑧
𝑑𝑡
𝑑𝑡
𝑛2

(4)

Figure 6.7: Absorptance, A, of transparent PP sample is determined from the linear
spectroscopic measurement.
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The maximum wavelength shifting corresponding to the maximum peak intensity 106.1
TW/cm2 is found to be around ± 30 nm, which covers both peaks at 353 nm and 373 nm. Therefore,
three-steps or three-photon absorption are suggested to have happened through vibrational
overtone absorption mechanism by shifting wavelength at a very high intensity of the laser beam.

6.5 Summery

In summary, the pulse-to-pulse evaluation of optical properties of polypropylene in
ultrafast laser interaction is determined by performing time-resolved measurement for multiple
pulse configuration for a wide range of intensity from below to well above the damage threshold.
The measurements of the optical properties are showed a strong correlation with damage
morphology. The experimental data is explained with a model that includes linear and nonlinear
absorption mechanism and the absorption coefficient are determined. Our results could be useful
to perform high precision polymer processing for scientific and industrial applications.
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CHAPTER 7: EFFECT OF PULSE DURATION IN FRONT AND BACK
SURFACE PROCESSING OF TRANSPARENT POLYPROPYLENE
7.1 Introduction
In the last few years, ultrafast laser technologies have proved to be of great interest from
material processing applications [1-3]. The interest of the ultrafast laser micro-processing of
polymers has been grown significantly over the past few years due to the high demand for using
polymers in scientific and industrial applications [4-8]. However, material processing with
ultrafast laser is quite complicated due to the dynamic behavior of the interaction between the
ultrashort pulse and polymeric material. Therefore, the ultrafast laser micro-processing of
polymers with high precision and control is still challenging for the researcher [9,10].
A promising approach that can control laser-material interaction for high precision material
processing is the temporal pulse shaping of the ultrashort pulses [11]. Researchers have already
shown that the temporal pulse shaping enables enhanced optical properties, i. e. absorptance, of
the materials [12, 13]. These various studies have provided some understanding on dynamics of
laser-matter interactions, but most of the studies deal with ultrafast laser ablation of dielectrics
especially pure silica, while ultrafast pulse shaping for polymer processing has investigated less
even though polymers are one the first materials to be processed by ultrafast lasers. However, the
nature of absorption for near-infrared laser beams is not fully understood, and therefore, it remains
challenging to process polymers with high energy-efficiency.
In this chapter, the effect of the pulse duration is investigated during the ultrafast laser
interaction with a transparent PP sample in a single-shot configuration. An analytical solution of
the differential equation of ultrafast laser pulse propagation is applied considering the spatial and
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temporal distribution of intensity to observe intensity distribution inside the sample. The
enhancement of absorptance is investigated for different pulse durations by performing the timeresolved measurement of optical properties of the ultrafast laser-material interaction with polymer
(i.e. polypropylene). Besides, the spatial and temporal distortion of ultrashort pulse propagation
through the medium is investigated.

7. 2 The spatial and temporal distortion of ultrashort pulse
The equation, which describes the attenuation of the ultrafast laser pulse with spatial and
radial intensity, 𝐼(𝑟, 𝑧, 𝑡) passing through the material undergoing single-photon, two-photon or
two – steps or three-photon or three-steps absorption is given by

𝑑𝐼(𝑟𝑖 , 𝑧𝑖 , 𝑡)
= −𝛼1 𝐼(𝑟𝑖 , 𝑧𝑖 , 𝑡) − 𝛼2 𝐼 2 (𝑟𝑖 , 𝑧𝑖 , 𝑡) − 𝛼3 𝐼 3 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
𝑑𝑧𝑖
(7.1)
where 𝛼1 , 𝛼2 and 𝛼3 are the linear, two-photon, or two-steps nonlinear and three-photon or threesteps nonlinear absorption coefficient, respectively.
The analytical solution of the above differential equation, which is developed in chapter 5,
after passing through the material can be expressed as
𝐼𝑖𝐼 (𝑟𝑖 , 𝑧𝑖 , 𝑡) =

1
∆𝑜𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
(𝑄𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡) +
− 𝑏𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡))
3𝑎𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
𝑄𝑖 (𝑟𝑖 , 𝑧𝑖 , 𝑡)
(7.2)

where 𝐼𝑖𝐼 (𝑟𝑖 , 𝐿𝑖 , 𝑡) is the incident intensity at the different interfaces except for the first incident
point. All the variables in the above equation are defined in the appendix in chapter 5.
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The study of the propagation of an optical Gaussian pulse is important to control the
process with an ultrafast laser. When a high-intensity ultrafast laser pulse propagates through an
optical medium, the Gaussian pulse intensity is distorted temporally and spatially during the
propagation due to the non-linear phenomena. To investigate the distortion of the Gaussian pulse,
equation (7.2) is used and the intensity distribution is shown in Fig. 7.2.
Fig. 7.1 (a) shows the spatial distribution of the peak intensity of the ultrashort pulse during
propagation through the transparent PP sample. It can be seen that the peak intensity of the
Gaussian pulse reduces by 70% within 50 µm distance inside the transparent sample and the shape
of the Gaussian pulse changes to a different pulse shape, which is close to the flat top at near to
the back (exit) surface of the sample, where sample thickness is around 450 µm.

Figure 7.1: (a) spatial distribution, and (b) temporal distribution of the peak intensity of the
ultrafast laser with pulse duration 167 fs.
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Figure 7.2: 3D representation of the peak intensity distribution of ultrafast laser during
propagation through the transparent PP Sample.
The distribution of the peak intensity has two peaks at the different axial distance of the
sample and the difference of the height of the peaks decreases as the pulse propagates through the
medium because high-intensity pulse gets more distorted as it propagates through the medium than
low intensity. It can be seen that peaks are not the same in the spatial distribution case, which could
be due to the incident angle of the laser beam at the sample and two peaks could be due to the
nonlinear refractive index change during high-intensity propagation. Fig. 7.2 (b) shows the
distribution of the peak intensity at a different axial distance inside the medium with a pulse
duration of 167 fs, where the distribution of the peaks also has similar behavior of the spatial case.
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Fig. 7. 3, shows the 3D representation of the distribution of the spatial intensity distribution shown
in 7.1 (a).

Figure 7.3: Experimental verification for double peaks with different heights , experimental
setup in the left and camera images shown in right with and without sample
To verify the distinction in the peak heights for 167 fs case, a simple experimental design
is developed by using a camera, objective lens, and a function generator. The function generator
is used to trigger the camera to capture a single pulse irradiation. Here, the reference beam is shown
to be nearly Gaussian, where the beam profile shows two peaks at the back surface of the sample
as shown in Fig. 7.3.

7.3 The effect of pulse duration on ultrafast laser interaction
To investigate the effect of the pulse during on ultrafast laser interaction with PP sample,
the experiments are performed with single pulse configuration for a wide range of pulse energies
(1 µJ to 100 µJ) and the different pulse durations, i.e. 167 fs, 371 fs, 710 fs, and 1000 fs.
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Figure 7.4 : The front surface damages the transparent PP sample with different pulse
durations (i.e. 167, 371, 710, and 1000 fs) for a wide range of pulse energies (1 µJ to 100
µJ).
Fig. 7.4 shows the front surface damages with the different pulse energies (1 µJ to 100 µJ)
and pulse durations (i.e. 167, 371, 710, and 1000 fs) and the front surface damage is dominant for
167 fs case since most of the energy absorbed at the surface of the sample due to high peak
intensity, which has a higher nonlinear effect. Fig. 7.5 shows the back surface damage with the
different pulse energies and pulse durations. Here, the back surface (or exit surface) damage is
dominant in case of longer pulse duration (i.e. 1000 fs for this study) and there are no back surface
damages for 167 fs pulse duration as mentioned above that most of the energy absorbed at the front
surface for shorter pulse case (i.e. 167 fs).
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Figure 7.5: The back surface damages of the transparent PP sample with different pulse
durations(i.e. 167, 371, 710, and 1000 fs) for a wide range of pulse energies(1 µJ to 100
µJ).
Fig. 7.6 (a) shows the determination of damage area created by a single pulsed laser shot
from the optical microscopic image of damages and Fig. 7.6 (b) shows the semilog graph of
damage area as a function of peak intensities. This graph is used to determine the peak threshold
damage intensity corresponding to the different pulse durations, where the highest peak threshold
damage intensity is found to be 12.9 TW/cm2 with shorter pulse duration (i.e. 167 fs) and the
lowest peak threshold damage intensity is obtained 4.1 TW/cm2 with longer pulse durations (i.e.
1000 fs). However, in the case of damage peak threshold fluence, the higher damage threshold
fluence is obtained 5.1 J/cm2 for longer pulse duration, which is shown in fig. 7.7 and lower
damage threshold fluence is found to be 1.2 Jcm-2 for 167 fs case.
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Figure 7.6: (a) Determining (a) damage area from optical microscopic images for the
different pulse durations(i.e. 167, 371, 710, and 1000 fs) and (b) the damage threshold peak
intensity with different pulse durations (i.e. 167, 371, 710, and 1000 fs).

.
Figure 7.7: The damage threshold peak fluence/intensity with different pulse durations
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The relation between the damage threshold peak fluence and pulse duration can be
𝜂

explained with simple scaling laws derived by Gamaly et al. [14] as 𝐹𝑡ℎ ~𝑡𝑜𝑛 , where 𝜂 can be found
from the fitting of damaged peak fluence vs pulse duration (𝑡𝑜𝑛 ) graph which is found to be 𝜂 =
0.23 in this study that is similar to the literature value for shorter pulse cases [15]. Similarly, the
relation between the damaged threshold peak intensity and pulse duration can be expressed as
𝐼𝑡ℎ ~𝐹𝑡ℎ /𝑡𝑜𝑛 .

Figure 7.8: Comparing theoretical and experimental damaged area as a function of (a) peak
fluence and (b) peak intensity.
To compare the front surface damage area of experimental results with theoretical
calculation, the theoretical damage areas for different pulse duration are determined by using the
following equation
1
𝐼𝑜
𝐴 = 𝜋𝜔𝑜2 ln( )
2
𝐼𝑡ℎ
(7.3)
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2𝐸𝑝

where 𝐼𝑜 = 𝜋𝜔2 𝑡 and 𝐼𝑡ℎ are the incident peak intensity and the damaged threshold peak intensity.
𝑜 𝑜𝑛

The damaged threshold peak intensity is obtained from Fig. 7.6. Fig. 7.8 shows the damaged area
as a function of peak intensity and peak fluence for different pulse durations. Smaller damages are
obtained with lower fluences, which agrees with the literature [16]. The theoretical calculation
shows a good match with experimental results except for high intensities and shorter pulse
durations, where the peak intensity is too high that leads to creating air ionization or other nonlinear
phenomena, which is not considered in this calculation.

7.4 Field enhancement and the back surface damage
Fig. 7.9 shows the front and back surface damage with 1000 fs pulse duration. For 1000 fs
pulse duration case, strong back surface damage is observed with pulse energy < 30 µJ, although
the front surface damage appears at 30 µJ and no front surface damage < 30 µJ. The possible
reason could be explained with the electric field enhancement at the exit side and self-focusing
due to the nonlinear refractive index change with an ultrafast laser pulse.

Figure 7.9: Front and back surface damage with 1000 fs pulse duration.
When light travels from a lower refractive index medium to a higher refractive index
medium, the reflected electric field suffers a phase shift of 180° in relation to the incident light
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wave. For traveling from a higher refractive index to a lower index medium, the reflected electric
field has zero (0°) phase shift. To verify the electric field enhancement at the exit surface, Crisp et
al. [17] gave a simple expression as below
𝐷
𝑆𝑒𝑛𝑡
4𝑛2
=
𝐷
(𝑛 + 1)2
𝑆𝑒𝑥𝑖𝑡

(7.4)
𝐷
where 𝑆𝑒𝑛𝑡
is the incident power per unit area that corresponds to damage of the entrance face and
𝐷
𝑆𝑒𝑥𝑖𝑡
is the incident power per unit area that corresponds to the damage of the entrance face. Since

the Rayleigh length in this study is higher than the thickness of the sample, 450 µm, and therefore,
with the assumption of no self-focusing and a same beam diameter at the exit surface as the front
surface, Equation (7.4) can be written as

Figure 7.10: Electric fields at the entrance and back surface of the polymer surface. An
incident angle is considered at a normal incident.
𝐷
𝐸𝑒𝑛𝑡
4𝑛2
=
𝐷
(𝑛 + 1)2
𝐸𝑒𝑥𝑖𝑡
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(7.5)
𝐷
𝐷
where 𝐸𝑒𝑛𝑡
and 𝐸𝑒𝑥𝑖𝑡
are the threshold pulse energy at the entrance surface and threshold

pulse energy at the exit surface, respectively. Here, the left side of the equation (7.7) is found to
be

𝐷
𝐸𝑒𝑛𝑡
𝐷
𝐸𝑒𝑥𝑖𝑡

= 4 from experimental results and the right-hand side are found to be 1.44 (where the

linear refractive index is 1.44). Therefore, Equation (7.4) is not satisfied properly with our
experimental results. To obtain the information on the diameter of the laser beam at the front
surface and back surface from our experimental results, the damaged area at the front side and
backside is plotted with 𝑀 = ln(𝑡

2𝐸𝑝

𝑜𝑛 𝐼𝑡ℎ

) and equation (7.6) is used to fit the experimental data.

Figure 7.11: Determining the beam diameter at the front and the back surface from
experimental damage diameter

2
2
𝜋𝜔𝑑𝑎𝑚𝑎𝑔𝑒
= 𝜋𝜔𝑏𝑒𝑎𝑚
ln (𝑡

2𝐸𝑝

𝑜𝑛 𝐼𝑡ℎ
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2
) − 𝜋𝜔𝑏𝑒𝑎𝑚
ln(𝐴)

(7.6)

Figure 7.12: Camera image of the beam diameter at the entrance surface and the exit
surface
The ratio of the entrance beam radius and the back surface beam radius is found to be 3.72
𝑟𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒

(

𝑟𝑒𝑥𝑖𝑡

2
≈ 3.72) from the slope value, 𝜋𝜔𝑏𝑒𝑎𝑚
of the above in Fig. 7.11. This result indicats that

the diameter of the beam at the back surface is smaller than the beam diameter at the front surface.
To verify this result, a simple experiment is designed to measure the beam diameter at the front
surface (without any sample) and the beam diameter at the back surface. Fig. 7.12 shows the
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camera images at the front surface (without sample) and the back (exit) surface of the sample,
which indicates also that the beam diameter at the back surface is much smaller than the front
surface. From these experimental verifications, it is obvious that the field enhancement might not
be the only reason for the back surface damage, and there might be a self-focusing effect[17,18],
which leads to strong back surface damages.

7.5 Effect of the pulse duration on optical properties
Fig. 7.13 shows the reflectance (R), transmittance (T), and absorptance (A) as a function of
the peak fluences for the different pulse durations (i.e. 167 fs, 371 fs, 710 fs, and 1000 fs). As
mentioned in Section 7.4 that the single-shot experiment is performed to see the effect of the pulse
duration for a wide range of pulse energy from 1 µJ to 100 µJ, which corresponds to the fluence
of 0.94 Jcm-2 to 18.8 Jcm-2. Fig. 7.13 (a) shows the reflectance of the transparent PP sample as a
function of the peak fluence of the incident laser beam, where reflectances are very low as the
sample is mostly transparent. Note that the tolerance of this measurement is about ± 0.012. Fig.
7.13 (a) shows that the reflectance with different pulse durations is within the tolerance limit,
which indicates that the reflectance is not much dependent on pulse duration for a transparent PP
sample case. It can be seen that the reflectance starts to decrease after a certain value of fluence
from which the nonlinear absorption mechanism starts.
Fig. 7.13(b) and 7.13(c) show the transmittance (T) and absorptance of the ultrafast laser
beam through the transparent PP sample. At low fluences, the transmittances for all pulse durations
have almost constant values, which indicates the linear absorption mechanism with low fluences.
The transmittance starts to decrease after certain fluences, where nonlinear absorptions start to
happen. However, the transmittance starts decreasing first for 167 fs pulse duration due to the high
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peak intensity leading to nonlinear absorption with lower fluence that also supports the damage
morphology shown in Section 7.4. Although the peak intensity for case 1000 fs is less,
transmittance starts to decrease earlier than 371 fs and the 710 fs case, which might be the reason
for strong back surface damage shown in Fig. 7.10.

Figure 7.13: (a) Reflectance (R), (b) transmittance (T), and (c) absorptance (A) as a
function of laser fluences with different pulse durations (i.e. 167 fs, 371 fs, 710 fs, and
1000 fs).
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Fig. 7.13(C) shows the absorptance during the ultrafast laser interaction with a transparent
PP sample, which is determined from the experimental value of transmittance and reflectance as
𝐴 = 1 − 𝑇 − 𝑅. As the reflectance of this study is very small, so the transmittance has a dominant
effect in determining absorptance. As explained in the transmittance case, for low fluence the
absorptance is constant for the linear absorption mechanisms and starts to increase after certain
fluence ( i.e. 1 Jcm-2 for 167 fs pulse duration).

7.6 Theoretical analysis and discussion
The equation (7.2) describes the attenuation of the spatial and radial intensity, 𝐼(𝑟, 𝑧, 𝑡) of
the ultrafast laser, which is passing through the material undergoing single-photon, two-photon, or
two-steps or three-photon or three-steps absorption considering multiple reflections as discussed
in chapter 5.

Figure 7.14: The multipole reflection is considered as an inclined laser beam that is
irradiated on the transparent PP sample
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The total transmitted intensity at the exit side of the sample is given by
∞

𝐼𝑇 (𝑟, 𝑧, 𝑡) = ∑ 𝐼(2𝑚+1)𝑇 (𝑟(2𝑚+1) , 𝐿(2𝑚+1) , 𝑡)
𝑚=0

(7.7)
Here, the transmitted light at each of the points are 𝐼𝑖𝑇 (𝑟𝑖 , 𝐿𝑖 , 𝑡). The total reflected light intensity
at the exit side of the sample is given by
∞

𝐼𝑅 (𝑟, 𝑧, 𝑡) = 𝐼𝑂𝑅 (𝑟, 0, 𝑡) + ∑ 𝐼(2𝑚)𝑇 (𝑟(2𝑚) , 𝐿(2𝑚) , 𝑡)
𝑚=1

(7.8)
The transmittance, T, and reflectance, R, of the ultrafast laser pulse through the PP sample can be
found from the above solution in Eq. (7.2), which can be express in term of output pulse energy,
Eout and input pulse energy, Ein as below:
𝑇=

𝑅=

𝐼𝑇 (𝑟,𝑧,𝑡)
𝐼𝑂𝐼 (𝑟,0,𝑡)
𝐼𝑅 (𝑟,𝑧,𝑡)
𝐼𝑂𝐼 (𝑟,0,𝑡)

(7.9)
Here, 𝐼𝑂𝐼 (𝑟, 0, 𝑡), 𝐼𝑇 (𝑟, 𝑧, 𝑡) and 𝐼𝑇 (𝑟, 𝑧, 𝑡) are the incident, total transmittance, total reflectance
laser intensity, respectively.
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Figure 7.15: The experimental results of (a) transmittance and (b) absorptance (𝐴 = 1 −
𝑅 − 𝑇) for different pulse durations (i.e. 167 fs, 371 fs, 710 fs, and 1000 fs) are fitted with
the theoretical calculation.
In this study, the linear and nonlinear absorption coefficients are determined from the
fitting results of the experimental data of T, and A (= 1 − 𝑅 − 𝑇) with the theoretical calculation
of Eq. (7.12) for different pulse durations, i.e. 167, 371,710, and 1000 fs, which is shown in fig.
7.15. The average value of the linear (single-photon) absorption coefficient for three pulse
durations (i.e. 167,371, and 710 fs) is found to be 𝛼1 = (110.45 ± 3) m-1, which agrees with the
experimental value determined from the linear spectroscopic measurement for the thickness of the
transparent sample, 𝐿 = 450 µm. For 1000 fs case, strong back (exit) surface damage is observed.
Possible reasons could be self-focusing, electric field enchantment or other nonlinear effects,
which are not accounted for in this model. Therefore, the transmittance and absorptance for the
1000 fs case show differences between theoretical and experimental results.
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This study suggests that the non-resonant vibrational overtone or combination absorption
happens at 1030 nm and 515 nm, and resonant overtone or combination happens at 353 nm due to
the wavelength shifting caused by the nonlinear self-phase modulation (SPM) that has been
discussed in Chapter 5. The linear refractive index of this transparent PP sample is 1.49. The
average (from three pulse duration) value of nonlinear absorption coefficients for two-photon or
two-steps absorption and the three-photon or three steps are found to be 𝛼2 = (8.01 ± 2.15)×10-13
mW-1 and 𝛼3 = (3.21± 1.0)×10-29 m3W-2, respectively from the fitting result, those values are
consistent with the previously reported value for the polymeric materials[19,20]. The average
(from three pulse duration) value of nonlinear refractive indexes are found to be 𝑛2 = (3.22 ±
1.15)x10-20 m2W-1 and 𝑛3 = (2.64 ± 1)x10-37 m4W-2.

7.7 Summary
The effect of the pulse duration is investigated both experimentally and theoretically. This
study showed the most effective energy region for processing transparent PP samples with ultrafast
lasers with different pulse durations. The shorter pulse duration (167 fs) is preferred for surface
processing, while longer pulses (~ 1 ps) create sub-surface and back-surface damages. The back
surface damage with 1000 fs is suggested to happen due to self-focusing phenomena, which has
lower critical power for a longer pulse. This study also shows that the shorter pulses have higher
distortion than the longer pulse inside the material and most absorptances happen for the shorter
pulse is at the surface of the material.
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CHAPTER 8: CONCLUSIONS
8.1 Conclusions
Ultrafast lasers are the predominant tool for high precision material processing. Although
polymers were one of the first materials to be processed by ultrafast lasers, it remains still
challenging to process polymers with high energy efficiency due to different linear and nonlinear
absorption mechanisms during the ultrafast laser-material interaction. In this study, A Yb: KGW
(Yb doped potassium gadolinium tungstate) femtosecond laser with near-IR wavelength is used to
understand the ultrafast laser interaction with polypropylene (PP), which is an important material
for different industrial and scientific applications. Experiments are carried out to understand the
dynamics of the ultrafast laser interaction with polypropylene and experimental results are
explained with the model that includes both linear and nonlinear phenomena, which leads to the
following conclusions:
1.

It is found that heat accumulation can be avoided with a proper choice of the

processing conditions. It is common practice to run the ultrafast laser at a high repetition rate and
hence high average power to make ultrafast laser materials processing compatible with the scale
and throughput needed for industrial application. However, the heat accumulation under such
conditions will deteriorate the processing quality, especially for polymers, which typically has a
low melting temperature. An analytical thermodynamics model is developed to understand heat
accumulation that occurs in laser processing of polymers under the conditions of high repetition
rates and high pulse energies and experimental results are found to agree with theoretical
predictions. The results are useful for selecting laser parameters in the processing of polymers.
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2.

The total absorbed energy and the total absorbed energy in the material during are

two important figures of merit to predict the laser cutting performance. The depths of cavities
under partial-depth cutting conditions with different laser parameters fit into a single straight line
as a function of absorbed laser intensity or absorbed total pulse energy.
3.

The material removal rates are found to have a linear relationship with the absorbed

laser energy for different values of absorptivity under various laser-material interaction conditions,
indicating that the thermal effects of different laser parameters are similar but the optical effects,
i. e., the absorptivities, are different. Besides, the volumes of vaporized material also coincide with
a single straight line as a function of the absorbed laser power.
4.

Transient optical properties (reflectance, transmittance, absorptance) are measured

in situ during a single ultrashort laser pulse interaction with opaque and pure polypropylene (PP).
for a wide range of pulse energies by using an ellipsoidal mirror, which is capable to collect the
majority of the light that reflects from the irradiated PP sample.
5.

Experimental results showed that the interaction of the ultrafast laser pulse with

polypropylene can be divided into three regions depending on nature (linear or nonlinear) of
absorption that happens for the different peak intensity and the peak fluence. The measured
transmittance is explained by a model that takes into account different effective absorption regions,
and the non-linear absorption coefficient is estimated from the theoretical fitting of experimental
results.
6.

The aforementioned result suggests that nonlinear absorption in PP at 1030 nm

wavelength is initiated by multiphoton absorption through high-order overtones, where the result
suggests that the non-linear absorption originates from the two-step or two-photon occurs for
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opaque PP, and three–steps or three-photon for transparent PP through vibrational overtone or
combination.
7.

The ultrafast laser interaction mechanisms with transparent PP and opaque PP is

found to be distinct from each other, and the reason is suggested to be the impurity present in the
opaque samples, which enhances the absorptance in the materials. The mechanism responsible for
the ultrafast laser interaction with transparent PP and opaque PP can be explained by the observed
morphologies after laser irradiation as shown in Chapter 5. Opaque and pure PP exhibit different
morphologies in the irradiated zone. While craters are formed for opaque PP, pure PP first
undergoes swelling with a single pulse, and then craters are formed with a second pulse. This is in
agreement with in situ optical measurements.
8.

The pulse-to-pulse evolution of optical properties (reflectance, transmittance,

absorptance) of PP is determined by performing time-resolved measurements from pulse to pulse
for a wide range of pulse energies. It is found that PP undergoes dramatic morphological change
from pulse to pulse, which accompanied the changes in optical properties that call for the tuning
of laser condition in order to fully utilize the laser energy. These results could help increase energyefficiency in ultrashort pulsed laser processing of polymers towards the high-throughput operation.
9.

An enhancement in absorptance is observed at certain ( >1 J/cm2) fluences. At even

higher fluences, effects such as plasma shielding reduce absorptance. This indicates a window of
optimal energy efficiency at around 9.4 J/cm2. The enhancement is more pronounced for shorter
pulses (i.e., 167 fs) than longer pulses ( i.e., 1000 fs).
10.

The effect of pulse duration is investigated in this study, where short pulse duration

(167 fs) is preferred for surface processing, while longer pulses (~ 1 ps) create sub-surface and
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back-surface damages. An analytical equation is derived to model nonlinear beam propagation
with the inclusion of optical Kerr effect and self-phase modulation.

8.2 Future works
 This study showed the evaluation of optical properties (i.e. absorptance, transmittance, and

reflectance) of ultrafast laser processing of a pair of pulses, where the first pulse creates swelling,
and 2nd pulse creates a deep crater. However, the evaluation of optical properties for a few pulses
could be interesting to observe to have high precision laser micro/nano dilling on the surface of
polymers. The current study has done for longer delay of 1 ms, where the material is considered
to be cooled down before 2nd pulse arrives at the surface of the material. The different delay might
give a better understanding to improve the processing quality of the ultrafast laser processing.

Figure 8.1: Experimental set up for measuring the optical properties of ultrafast laser
interaction with transparent PP for multi-pulses.
 The current study suggested that the nonlinear absorption mechanism originates from
the two-steps or two-photon and three-steps or three-photon vibrational overtone or
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combination absorption for the near-infrared wavelength of 1030 nm. Note that the absorption
at wavelengths ranging from 800 to 2500 nm, which corresponds to wavenumber 12,500 to
4000 cm-1, is present in polymers based on overtone/combination absorption. However, high
energy photons with UV wavelengths can be used to trigger electronic absorption, which might
improve the process quality of polymeric material by avoiding thermal effects inside the
material. In that case, the third harmonic generation of the fundamental wavelength of 1030
nm could be used.
 Material processing requires good control of laser material interaction under the
condition of high average laser power and high peak intensity. The current study can be used
to fabricate microfluidic channels, as shown in Fig. 8.2..

Figure 8.2: A microfluidic channel fabricated with ultrafast laser
 The experimental setup of the time-resolved measurement in this study could be used to
detect laser-generated plasma emission and identify the elements present in the sample by
replacing PD2 with a spectrum analyzer as shown below
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Figure 8.3: Experimental set up for optical sensing in laser material processing applications
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